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ABSTRACT
Cytokinin is an important plant hormone that controls many aspects of plant growth
and development. A great amount of research has been done regarding its function
and recently some significant process made on its signal transduction pathway.
However much remains to be discovered and in particular the identity of cytokininbinding proteins that function as signal transducing receptors would be valuable
information. This study aimed to develop two yeast-based methods, to search for plant
cytokinin-binding proteins.
To establish the yeast three-hybrid (Y-3-H) system and fluorescence activated cell
sorting (FACS) screening, four different novel 6-benzylamino purine (BAP)dexamethasone conjugates and two kinds of biotinylated BAP conjugates were
synthesized, respectively. The suitability of these specially designed cytokinin
derivatives for use in the study of cytokinin-binding proteins were demonstrated by
their activities in competing with the proven cytokinin signal molecule BAP in
inducing a response in vivo in the Amaranthus bioassay.
The design of the Y-3-H system was based on that reported by Licitra and Liu
(1996), with modifications that included use of a different yeast host strain to allow
positive selection for the LEU2-containing fish plasmid and creation of a new hook
plasmid to make the expression of HIS3 in yeast host L40 useable as a reporter gene.
Hybrid plant-animal hormone molecules (baits) created in Chapter II allow the animal
hormone moiety to be anchored to a fusion of a DNA binding domain (DBD) with an
animal hormone receptor produced by hook plasmid. The DBD can then be held in
juxtaposition with a transcriptional activation domain (AD) as part of fusion protein
produced by fish plasmids to create a functional bipartite transcription factor, if the
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AD is fused with a plant hormone receptor protein. The novel hybrid hormone thus
acts as a bridge between the DBD and AD and allows transcription from reporter
genes that allow the identification of individual cells in a population transformed with
a plant fusion library. Individuals that have received a receptor able to bind plant
hormone can then transcribe genes that allow prototrophic growth while the majority
of cells are auxotrophs. Such cells can also transcribe the LacZ gene that allows
hydrolysis of the substrate 5-Bromo-4-chloro-3-indolylb-D-galactopyranoside (X-gal)
to a blue product. The genes that encode the cytokinin-binding proteins can then be
recovered from cells with those properties. All the components, as far as could be
tested, were verified for their functions before assembling together for test.
A quite different approach, based on the capacity of FACS to recognize and separate
microscopic particles, was also used to recover yeast cells that were expressing
Arabidopsis cDNAs that increased cytokinin binding. In this screen, the plant proteins
did not need to be fusions with a transcriptional AD domain. If any yeast cell
expressing cytokinin-binding protein on its outer membrane, FACS should be able to
identify the cell from the whole population of cells expressing plant cDNAs by the
increased retention of biotinylated BAP (synthesized in Chapter II) and its consequent
binding of the fluorescent streptavidin-phycoerythrin (PE). Then the sorted cell can be
tested to confirm that its properties are altered by the introduced gene and the identity
of the cytokinin-binding protein is revealed by sequencing that gene.
Test screens have been conducted with the two methods. An Arabidopsis cDNA
library and a maize cDNA library that were constructed in fusion with a transcription
AD have been screened with the Y-3-H method, while some His-independent clones
were observed, none of them could activate the other reporter gene LacZ. A non-
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fusion cDNA library of Arabidopsis screened by the FACS method has resulted in
some primary positives that warrant further testing. These results together with
possible future improvements of the screen methods have been discussed.
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1.1 CYTOKININS - AN OVERVIEW
Cytokinins are a group of plant hormones that were first identified as factors that
promoted cell division in excised tissue cultured in vitro (Skoog and Miller, 1957).
Nearly all cytokinins are N6-substituted aminopurines, which are represented by
trans-zeatin (Z) and 6-benzylamino purine (BAP) (Figure 1.1) and their ribosides.
Some exceptions are some diphenylurea derivatives, represented by thidiazuron
(Figure 1.1), which has different chemical structure from that of aminopurine
derivatives (Yamada et al., 2001).

Figure 1.1 The structures of some representative cytokinins.
Cytokinins in cooperation with auxins can control many aspects of growth and
development in plants (Sheen, 2002). The early evidence of Miller and Skoog that
concentrations of cytokinin and auxin, especially their ratio of concentration,
determined the outgrowth of lateral meristems and hence plant architecture (Skoog
and Miller, 1957) has been confirmed using transgenic means to alter auxin: cytokinin
ratios (Werner et al., 2001). Cytokinins exert their effects through influencing the
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expression of genes in various biological processes and it has been found that small
changes in cytokinin level can alter the steady-state level of expression of many genes
(Schmülling et al., 1997). Availability of the complete Arabidopsis genome sequence
has furthered research on how the cytokinin signal is received and transduced (Sheen,
2002). By molecular genetics and biochemical studies in Arabidopsis, some cytokinin
primary response genes have been identified and some putative cytokinin receptors
and mediators are now being evaluated (Hutchison and Kieber, 2002).
Putative cytokinin receptors, CKI1 and CRE1/AHK4/wol, have been found and
imply that the two-component signalling pathway initially detected in prokaryotes is a
likely important element in cytokinin signal transduction via phosphoryl groups
transferred alternately between His and Asp residues in transduction intermediates
sometimes known as signal response proteins. The later sections of this chapter focus
on the types of protein that may function in cytokinin signal transduction and on the
possible means to identify them, either they are bound to the cell surface or acting as
cytoplasmic receptor molecules. In addition, experimental systems based on hybrid
transcription factors in yeast and on flow cytometry are reviewed.

1.2 POSSIBLE MECHANISMS OF CYTOKININ FUNCTIONS
Cytokinins can regulate many physiological processes such as leaf and root
differentiation, senescence of leaves, stress tolerance and nutrient metabolism.
Moreover, they can induce cell division, shoot meristem initiation and chloroplast
biogenesis (Kakimoto, 1996; Sheen, 2002).
Although the physiological effects of cytokinin have been well studied, the
molecular mechanisms of cytokinin perception and action remain obscure
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(D’Agostino and Kieber, 1999). Three mechanisms seem to be involved in the
physiological and developmental effects of cytokinin.
First of all, a key effect of cytokinin is the stimulation of cell division in various
kinds of cultured plant cells. High levels of cytokinin are detected in the areas with
mitotic activity. Cytokinins have been hypothesised to stimulate many events in the
cell cycle, including the G1/S transition, the process of DNA replication and the
initiation of mitosis (Binns, 1994).
Recently evidence that cytokinin is a regulator at the G1/S transition of the cell cycle
includes the observation (Riou-Khamlichi et al., 1999) that cytokinin induces the
three D-type cyclin genes in Arabidopsis. Significantly, the requirement for cytokinin
to allow cell division in tobacco callus was replaced, at least in part, by increased
expression of a CycD3 transgene (Riou-Khamlichi et al., 1999) suggesting that
CycD3 is a key element in cytokinin action. D-type cyclins are rate limitary regulators
of cell cycle progression, particularly at the G1/S transition.
Leaf explants over-expressing CycD3 formed healthy green calli in the presence or
absence of cytokinin, whereas wild-type controls only formed healthy green calli in
the presence of cytokinin. Additionally, wild-type explants only expressed the cell
cycle marker histone H4 mRNA in the presence of cytokinin, whereas, lines overexpressing CycD3 expressed histone H4 in the presence or absence of cytokinin.
Finally, induction of CycD3 clearly preceded S phase. These results suggest that
cytokinin mediates the G1/S transition of Arabidopsis cell cycle, at least in part, by
inducing CycD3 transcription (Riou-Khamlichi et al., 1999; D’Agostino and Kieber,
1999).
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A second mechanism by which cytokinin appears to promote cell cycle is by
stimulating the G2/M transition (Hare and van Staden, 1997; Hemerly et al., 1993).
For instance, in excised stem pith parenchyma of Nicotiana tabacum, cytokinin
activates a Cdc2-like kinase by a specific dephosphorylation performed by the Cdc25
phosphatase, suggesting that cytokinin might regulate G2/M transition by regulating
the dephosphorylation of a cyclin-dependent kinase (CDK) (Zhang et al., 1996).
When cytokinin is lacking, the cells are transiently accumulated at the G2/M, which
suggests that cytokinin stimulates this phase of the cell cycle (Frank and SchmÜlling,
1999). In addition, the abrupt ten-fold accumulation of zeatin at the G2/M transition is
essential for mitosis in cells that are autonomous for cytokinin (Laureys et al., 1998).
A further major contribution of cytokinin to plant development is participation in the
direction of cell division regions to form functional meristems. That cytokinin applied
during tissue culture can induce organized shoot tissue from callus and ectopic
meristems in transgenic plants over-expressing cytokinin, which suggests that
cytokinin has an ongoing role in maintaining meristem organization through inducing
the expression of homeobox genes. The knotted1 (kn1) homeobox genes are expressed
in the shoot apical meristem (SAM) only and required for the development and
maintenance of SAM (Kerstetter et al., 1994). Transgenic plants over-expressing the
ipt gene, a bacterial cytokinin biosynthesis gene, have phenotypes that are similar in
some respects to plants over-expressing kn1. This showed that increased cytokinin
levels in these plants might regulate kn1 expression (Kerstetter and Hake, 1997).
Furthermore, the expression of KNAT1 and STM, which are the homologs of kn1 in
Arabidopsis, in transgenic Arabidopsis expressing ipt suggests that endogenous
cytokinin can regulate SAM development by mediating expression of these homeobox
genes (Rupp et al., 1999). A positive feedback interaction may exist between the
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levels of cytokinin and kn1 (Ori et al., 1999). The action of cytokinin in SAM has also
been evidenced when reduced endogenous cytokinin levels and considerable
reduction in shoot meristem activity were observed in transgenic tobacco lines
expressing four Arabidopsis homologs of the maize cytokinin oxidase (Werner et al.,
2001).
The process of cytokinin signal perception and transduction resulting in modified
gene expression is therefore central to its function in plant development. The first
suggestion that cytokinin signalling might utilize a phosphorelay was the
identification of CKI1, which encodes a sensor kinase homolog (Kakimoto, 1996), as
a gene that allows cytokinin independent growth in culture when over-expressed
(described further in section 1.3.1.1). Although CKI1 is not now considered as a
specific receptor for cytokinin, subsequent investigations have confirmed the
importance of phosphorelay signal transduction from cytokinin and revealed some
other kinase-like candidates for cytokinin receptors (reviewed by Suzuki et al., 2001).

1.3 CYTOKININ RECEPTOR CANDIDATES
The concept of hormonal control implies that the site of hormone synthesis and the
site of hormone action should usually be spatially separate. At the latter location, the
presence of hormone at low concentration must be detected by receptor(s). Receptors
specifically bind signalling molecules that may be present at low concentration and
upon activation by the ligand produce biochemical changes that typically lead to
amplification of a signal, such as the activation of a protein kinase that can
phosphorylate many molecules of substrates. Genetic and biochemical approaches to
identify cytokinin receptor(s) have led to the isolation of two groups of proteins, one
is the histidine kinase-like cytokinin receptor candidates (Table 1.1) and the other is
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the cytokinin-binding proteins (CBPs), but none has been unequivocally shown to act
as a receptor in vivo although the phenotype o f CREJ/AHK4 mutant wol in causing
reduced cell division is significant (Mahonen et al., 2000).
Table 1.1 Histidine kinase-like cytokinin receptor candidates o f Arabidopsis (Taken
from Mahonen et al., 2000; Ueguchi et al., 2001b; Kakimoto, 1996).
Name

Gene Locus a

CRE1/AHK4

At2g01830

Access No.
(cDNA)b
AB046871

AHK2

At5g35750

AB046869

HK, Rec

AHK3

Atlg27320

AB046870

HK, Rec

Features c
HK, Rec

HK, Rec
D87545
At2g47430
CKI1
a. Chromosome loci are given by the MIPS designation.
b. Accession numbers are for full-length cDNA sequences.
c. HK and Rec represent conserved histidine-kinase domain and receiver-domain,
respectively.

1.3.1 Histidine Kinases
1.3.1.1 CKI1
Kakimoto (1996) reported the isolation o f five Arabidopsis mutants, which show
typical cytokinin phenotypes such as rapid cell division and shoot formation in tissue
culture in the absence o f exogenous cytokinin. One o f these genes, CKI1, could
induce typical cytokinin phenotypes when over-expressed in plants and encodes a
two-component regulator-like protein. It is currently hypothesized that this class o f
molecule functions in conjunction with other signal transducing proteins or response
regulators. For example, when expressed, CKI1 can elevate the expression o f ARR6 in
the absence o f exogenous cytokinin, which suggests that CKI1 works upstream of
ARRs in the signalling pathway (Hwang and Sheen, 2001). This regulation at the
signal transduction level may allow cross talk between hormone pathways (Haberer
and Kieber, 2002). The observation that the over-expression o f CKI1 results in
cytokinin-independent callus growth and greening suggested that CKI1 might be a
putative cytokinin receptor. Consistent with this observation, when expressed in
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protoplasts, the Arabidopsis CKI1 activates the genes considered to be cytokinin
primary response genes (Hwang and Sheen, 2001).
However further analysis showed that CKI1 is not itself the primary receptor of the
cytokinin signal since CKI1 does not bind cytokinin and its kinase activity is not
responsive to cytokinin. But CKI1 is a related protein that functions downstream in
the signal transduction pathway by propagating the transmission of a phosphorylation
signal that is transferred alternately to His and Asp residues in Arabidopsis (Haberer
and Kieber, 2002). This class of protein is collectively referred to as Arabidopsis
nuclear response regulators (ARRs), which accept the signal relayed from
Arabidopsis histidine phosphotransfer proteins (AHPs).
It is worth noting that CKI1 and CRE1, a more likely candidate for cytokinin
receptor, as described below, share just about 25% identical amino acids in their
amino terminal (N-terminal) regions. But they have presumed extracellular domains
that are completely different, which reflects that they may not bind to a common
ligand (Yamada et al., 2001). The conclusion is not suitable however since CKI1 may
still be able to interact with cytokinin in vivo, depending on the final folded
conformation of the native protein, which is not easy to predict from amino acid
sequence (Estelle, 2001).

1.3.1.2 CRE1 and CRE1-like histidine kinases
The CRE1 gene encodes a more likely cytokinin receptor since CRE1 mutants
display reduced responses to cytokinins. Furthermore CRE1 expression in a signal
transduction deficient yeast strain caused a cytokinin-dependent growth phenotype.
The yeast mutant lacked the endogenous His kinase (SLN1) but was complemented
by CRE1, suggesting that CRE1 may be a cytokinin receptor (Hutchison and Kieber,
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2002) and furthermore at biochemical level, cytokinin can activate CRE1 to induce
phosphorylation of elements in phosphorelay signalling pathway (Inoue et al., 2001).
Seedlings of both a CRE1 mutant and a T-DNA-tagged allele of CRE1 isolated
independently are resistant to the treatment of excess cytokinin in a root elongation
assay. Due to losing their partial function, they are semi-dominant in the assay. This
suggests a dose-dependent action of the receptor consistent with it sequestering but
under-activating downstream elements of the signal transduction chain (Inoue et al.,
2001). CRE1 has a His kinase domain and a hybrid kinase containing two carboxyl
terminal (C-terminal) response regulator domains. Moreover, CRE1 has two
transmembrane regions that flank a presumed extracellular domain. All isolated
mutations influence the N-terminal region of the receptor along with reduced response
to cytokinin signal, while the unaffected His kinase domain is consistent with retained
partial function. The functional relationship between the two response regulator
domains is unclear (Haberer and Kieber, 2002). It is now known that CREI is the
same gene as AHK4 and in mutant form has previously been named wooden leg (wol).
The wol mutant gene in Arabidopsis is allelic to CRE1/AHK4. The gene is expressed
and shows its function in both the pericycle and the vascular cylinder (Estelle, 2001).
In the wol mutant, the poor development of vascular bundles and obvious absences of
both metaxylem cells and the lower part of the hypocotyl phloem are observed in the
root. Only a smaller number of xylem cells are observed in the vascular tissue.
CRE1/AHK4/wol is expressed specifically in the vasculature during the early stages of
embryogenesis, with a role as a sensor for cytokinin stimulation of cell division
during vascular morphogenesis (Mähönen et al., 2000). Some studies showed that wol
does not directly determine cell fate, but the gene takes part in specific cell divisions
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of the growing vascular tissue since phloem can be formed in the wol mutant, if an
additional mutation fass is also present to generate more cell layer (Mähönen et al.,
2000; Scheres, 2001).
The wol phenotype supports the hypothesis that CRE1/AHK4/wol encodes a
functional cytokinin receptor in vascular tissue. In addition, the phenotype of wol is
considerably stronger than other CRE1 alleles (Mähönen et al., 2000). The wol
mutation caused by a single amino acid substitution at an amino acid position of 301
in AHK4 (Thr to Ile) is located in the presumed extracellular domain of the protein,
which is the presumed cytokinin-binding site. This hypothesis has been supported by
the observation that the wol mutation disrupts binding of cytokinin to CRE1 in vitro
(Yamada et al., 2001).
The important evidence that CRE1/AHK4 works as a receptor for cytokinin was
provided by some elegant experiments in yeast and bacteria (Suzuki et al., 2001;
Inoue et al., 2001). Recent results from heterologous expression of CRE1 in yeast
have confirmed that CRE1/AHK4 does bind a variety of natural and synthetic
cytokinins and it is thus likely that CRE1/AHK4 is a cytokinin receptor (Yamada et
al., 2001). But evidence directly from plant cells is also required to confirm that
CRE1/AHK4 is a cytokinin receptor in plant.
CRE1/AHK4 belongs to a class of sensor histidine kinase genes, with two other
recognized numbers in Arabidopsis: AHK2 and AHK3 (Suzuki et al., 2001). AHK2
and AHK3 are mainly expressed in the aerial parts of plants, whereas CREI/AHK4 is
mainly expressed in roots of plants (Ueguchi et al., 2001b). AHK2, AHK3 and AHK4
all contain a variable input domain, a conserved transmitter domain and a C-terminal
receiver domain. Unlike typical sensor His kinases, a second receiver domain is
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identified between their transmitter domains and C-terminal receiver domains and
lacks some conserved residues identified in receiver domains of other kingdoms. In
AHK3 and AHK4, the important Asp residue is replaced by a Glu residue (Ueguchi et
al., 2001a).
Unlike AHK4 that contains only two putative transmembrane domains, AHK2 and
AHK3 have three. All three proteins contain a similar region in the presumed extracytoplasmic domain, which is expected to be the cytokinin-binding domain (Ueguchi
et al., 2001a). This domain has been identified in various receptor-like proteins from
both prokaryotes and eukaryotes and named the CHASE (cyclases/histidine kinasesassociated sensory extracellular) domain (Anantharaman and Aravind, 2001). By
expressing the plant genes in microorganisms, the His-to-Asp signalling pathways in
both yeast and bacteria can be used to study the biochemical properties of the
Arabidopsis AHK proteins (Suzuki et al., 2001).
Furthermore, a transient expression system in mesophyll protoplast shows that both
AHK2 and AHK3 may regulate the expression of a primary cytokinin response gene
in the presence of cytokinin (Hwang and Sheen, 2001). Other evidence suggests that
AHK3 can propagate exterior cytokinin signals, but the response of AHK3 to
presence of cytokinin measured by His kinase activity is relatively low as compared
with AHK4 (Yamada et al., 2001). All of the studies suggest that AHK2, AHK3 and
AHK4 are receptor-like kinases that can relay cytokinin signals across the plasma
membrane in Arabidopsis.
Research on this type of receptor kinases has extended to other plant species.
CrCKR1 isolated from a Catharanthus roseus cDNA library encodes a hybrid
histidine kinase that belongs to the subfamily of putative CRE1-like cytokinin
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receptors. The expression of CrCKR1 was only stimulated when the cells were
continuously treated with cytokinin. CrCKR1 is only expressed strongly in the petals
of mature flowers, which indicates that CrCKR1 could be involved in upstream
signaling for the production mechanisms of secondary metabolites in Catharanthus
roseus (Papon et al., 2002).

1.3.2 Cytokinin-Binding Protein
An alternative approach to study of proteins that are able to interact with cytokinin
has been based on the biochemical detection of cytokinin binding. CBPs of 67 kDa
from barley leaves, CBP of 67 kDa from senescent rosette leaves of 9-week-old
Arabidopsis and CBP of 70 kDa from etiolated maize seedlings have been nominated
as potential cytokinin receptor candidates (Kulaeva et al., 1998; Selivankina et al.,
2004). Both the 67 kDa CBP from the cytosol of barley leaf cells and the 67 kDa CBP
from the nuclei of Arabidopsis senescent rosette leaf cells could specifically recognize
trans-zeatin (Kulaeva et al., 1998; Selivankina et al., 2004). Monoclonal antibodies
(mAbs) raised against the maize CBP could cross-react with the barley CBP and
prevent the barley CBP and trans-zeatin from inducing activation of transcription
elongation. Moreover, in a barley transcription system, the maize CBP can activate
RNA synthesis in the presence of cytokinin. In both a barley transcription system and
an Arabidopsis transcription system, the Arabidopsis CBP can activate RNA synthesis
in the presence of cytokinin, which indicates the functions of the 67 kDa proteins
from monocotyledonous and dicotyledonous plants are similar (Kulaeva et al., 1998;
Selivankina et al., 2004).
The 67 kDa CBP was also isolated from nuclei of the mature barley leaves and
therefore might serve as a cytokinin-regulated transcription factor. The CBP had no
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effect on transcription in the chloroplast transcription system, and similarly another 67
kDa CBP isolated from chloroplasts of barley leaves had no effect on transcription in
the nuclear chromatin-containing system. Cytokinin-binding properties of the 67 CBP
from chloroplasts of barley leaves were measured by a competitive enzyme-linked
immunosorbent assay (ELISA). These studies suggested that cytokinins may regulate
the elongation phase of transcription in the nucleus and chloroplast by separate
nuclear and chloroplast cytokinin-binding proteins, which can therefore be considered
putative cytoplasmic and organellar cytokinin receptors (Kulaeva et al., 2000). In
addition, the functional activity of the Arabidopsis CBP can change with the ages of
the Arabidopsis plants (Selivankina et al., 2004). The molecular structure of the CBPs
and their encoding genes are unknown.
In addition, some metabolic enzymes and transportation proteins would be potential
cytokinin-binding proteins. In the literature, there have been many cytokinin
metabolism enzymes isolated including cytokinin oxidases, β-glucosidases, cytokinin
isomerase,

O-xylosyltransferase

and

O-glucosyltransferase

(Kieber,

2002).

Additionally, AtPUP1, which is a purine transporter isolated from Arabidopsis, would
be a cytokinin/purine transporter (Gillissen et al., 2000). These proteins are not
regarded as cytokinin receptors since they do not normally act as the initial receiver(s)
in cell to perceive and transduce cytokinin signals. Although these enzymes or
transporter proteins definitely interact with or bind to cytokinins, none of them has
been reported isolated as a result of biochemical binding search.

1.3.3 G-Protein-Coupled Receptor
A further possible candidate, the G-protein-coupled receptor GCR1, was initially
advanced as a cytokinin receptor, but there has been no consistent evidence that its
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over-expression could replace cytokinin requirement, as has been found for twocomponent signalling elements (section 1.3.1.1). It is now considered that GCR1 may
receive other classes of hormone but not cytokinin (Kanyuka et al., 2001).

1.4 CYTOKININ SIGNALLING
1.4.1 Two-Component Signalling Pathway
In view of the evidence of cytokinin signal transduction by two-component
phosphotransfer systems, it is appropriate to consider the biochemistry of this
signaling pathway. Protein phosphorylation, which is catalysed by protein kinases, is
an important step in relaying intracellular signals in all kinds of cells. Protein kinases
are classified into three major groups according to the amino acid species that they
can phosphorylate: serine/threonine kinases, tyrosine kinases and histidine kinases.
His kinases are identified in both prokaryotes and some eukaryotic species such as
plants and fungi. Bacterial His kinases have important functions in sensing and
relaying extracellular signals. Because phosphoryl group is relayed between two
different signal transducers, this signaling system is named the “two-component
system” (Figure 1.2) (Lohrmann and Harter, 2002; Parkinson and Kofoid, 1992).
Although this signaling system was identified in bacteria initially, the identification of
the histidine kinase gene family extends its role to plants (Schaller et al., 2001).
The simplest form of the signalling system requires only two elements, a His kinase
and a response regulator (Figure 1.2 A) (Lohrmann and Harter, 2002). The signal is
propagated by phosphorelay alternately between His and Asp residues progressing
within or between different proteins. Signal perception by the input domain of a His
kinase induces autophosphorylation at a conserved His residue of the transmitter, the
phosphoryl group is then relayed to a conserved Asp in a conserved domain of the
receiver (Lohrmann and Harter, 2002). The output domain of the response regulator is
13

activated by this phosphorelay and then the following interactions with other proteins
or DNA are activated (Stock et al., 2000).

More complex signalling systems are referred to as multi-step (Figure 1.2 B) and
include additional elements with phosphorylatable Asp to His residues. The Asp
residue that is phosphorylated early in signal transduction is located in a receiver
domain that is fused to the C-terminal o f the His kinase, thereby creating a hybrid
sensor kinase in plants. The second His embedded in the histidine-containing
phosphotransfer (Hpt) domain can transfer a phosphoryl group between two receiver
domains. Many o f the Hpt domains are fused to other elements o f the signalling
pathway in prokaryote, whereas all o f the Hpt domains are individual in Arabidopsis
(Lohrmann and Harter, 2002). Thus cytokinin signaling in plants has been described
as a multi-step two-component signalling pathway (Brault and Maldiney, 1999).

ATP
signal
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Input

O
Transmitter

Receiver

Sensor histidine kinase

Input

Transmitter

Output

Response regulator

Receiver

Hybrid histidine sensor kinase

Hpl domain
Hpt protein

Receiver

Output

Response regulator

Figure 1.2 Two-component signalling systems. (A) A simple form o f two-component
signa mg system containing a histidine kinase and a response regulator found in
pro aryotes. H and D represent the conserved histidine and aspartate residues. (B) A
tran^
two~comPonent signalling system with a hybrid kinase composed o f input,
tr> ^smitter ar*d receiver domains, an Hpt protein and a response regulator as believed
perate in plants (Taken from Lohrmann and Harter (2002)).
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An earlier resolved example of these multi-step two-component signalling systems is
the osmosensing pathway in yeast, which is composed of three components: a hybrid
His kinase (SLN1), some response regulators such as SSK1 and a phosphorelay
protein containing His (YPD1). The SLN1 is a His kinase fused with a receiver
domain (as in CRE1/AHK4); the response regulators regulate the output of the
pathway; and the YPD1 regulates phosphorelay between the hybrid His kinase and the
response regulators. One output of this pathway regulates the activity of SSK2 and
downstream a mitogen-activated protein kinase (MAPK) pathway. Although the same
phosphotransfer mechanism is used in all complex two-component pathways, the
number of proteins containing the phosphorelay domains is different in these
pathways (reviewed by Hutchison and Kieber, 2002).

1.4.2 Three Parts of a Two-Component Signalling Pathway in
Arabidopsis
In Arabidopsis the proposed cytokinin signaling pathway (Figure 1.3) consists of
three parts: hybrid histidine protein kinases (AHKs), histidine phosphotransfer
proteins and nuclear response regulators. AHKs work as cytokinin receptors; AHPs
transmit the signal from AHKs to nucleus; and ARRs regulate transcription (Brault
and Maldiney, 1999). The proteins are similar to the diverse two-component elements
in bacteria. With the completion of Arabidopsis genome sequence, 17 His and hybrid
kinase-like proteins, 5 Hpt proteins and 23 response regulators have been identified
(Lohrmann and Harter, 2002). Most AHKs, AHPs and ARRs except for
phytochromes should serve as phosphorelay proteins (Lohrmann and Harter, 2002).
The AHKs have been described in some detail above, but it may be appropriate to
consider what is known of AHP and ARR elements in plants.
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Figure 1.3 Presumed model for cytokinin signaling pathway. CRE1/AHK4 and its
analogous proteins (AHK2 and AHK3) have the CHASE domain between the two
putative transmembrane domains. CRE1 is located in the plasma membrane. After
binding of cytokinin to a putative receptor protein induces autophosphorylation o f the
transmitter domain (blue) at a conserved His residue (H), the phosphoryl group is then
relayed to an Asp residue (D) o f the receiver domain (red). The phosphoryl group is
possibly transferred to an AHP protein and then the protein translocates to the nucleus
and activates type-B ARRs. The type-B ARRs activate the transcription o f the type-A
ARRs, which feeds back to repress their transcription. Light maybe increases the level
of ARR4 protein. The receiver domain o f type-B ARRs inactivates the output domain.
The role of all ARRs in phosphorylation is unknown. The output o f this pathway is
mostly unknown in terms of the identities o f genes whose transcription may be altered
(Taken from Hutchison and Kieber (2002)).

14.2.1 AHPs
Three phosphotransfer proteins, ATHP1 (also called AHP2), ATHP2 (AHP3) and
ATHP3 (AHP1), have been identified in Arabidopsis. All o f them have an Hpt
domain containing a conserved His and some conserved residues that have important
unctions in phosphotransfer. All o f the plant ATHPs that have been tested can
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transfer phosphoryl groups between SLN1 and SSK1 in yeast ypd1 mutant (Urao et
al., 2000). The recombinant ATHP3 protein can accept the phosphoryl group from an
unknown histidine kinase in the bacterial membrane fractions (Urao et al., 2000).
Subsequent study showed that ATHP3 could transfer transiently the phosphoryl group
to the receiver domain of ARR3 and ARR4 in vitro. The results suggest that ATHP3
(AHP1) would be a phosphotransfer protein between histidine kinases and response
regulators in both Arabidopsis and yeast (Urao et al., 2000; Suzuki et al., 1998). In
addition, ZmHPZ, which is a phosphotransfer protein, has been identified and cloned
from maize. Some studies show that this protein can transfer transiently the
phosphoryl group from bacterial intermembrane vesicles to the response regulators
(ZmRR1 and ZmRR2) from maize in vitro (Urao et al., 2000). The identification from
diverse plants of these putative cytokinin-signalling molecules is consistent with the
universality of the cytokinin hormone in plants.

1.4.2.2 ARRs
A final link in the signal transduction chain to modulation of gene expression is
believed to be provided by a class of proteins called ARRs that interact with, or
function as, transcription factors. ARRs, or response regulators of Arabidopsis, have
been classified into types A and B, depended on their sequences and domain
structures (Figure 1.4). The type-A ARRs are cytokinin primary response proteins and
type-B ARRs are a class of transcription factors. The ten type-A ARRs identified in
Arabidopsis contain a receiver domain and short N- and C-terminal extensions. The
amino acid sequences of the receiver domains are very similar, but the sequences of
their C-terminal extensions are quite different. On the other hand, the eleven type-B
ARRs are composed of a receiver domain and a largely extended C-terminal region
that is a putative output domain. In addition, the type-A members can be further
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lasSified into two subgroups, depended on their responsiveness to stress treatments;

ARR4 and ARR5 genes are induced by low temperature and high salinity, whereas
ARR8 and ARR9 have not been affected by any o f the stress treatments so far applied
(Urao et al., 2000; D ’ Agostino et al., 2000).

CODH

T ype A
receiver domain

GARP
domain

Glu/Pro-rich
domain

Figure 1.4 The structures o f type-A and type-B ARRs. Both o f them have receiver
domains. Type-B ARRs contain extended C-terminal regions including a glutamic
acid-rich protein (GARP) domain and a Glu/Pro-rich domain (Taken from Hutchison
and Kieber (2002)).

Members of the type-B group o f putative transcription factors, ARR1 and ARR2,
have been cloned. They have Glu/Pro-rich domain in the C-terminal regions (Figure
1.4), which is a feature of transcriptional activation domains in eukaryote and
demonstrated similarity to the potato Myb DNA-binding proteins (Urao et al., 2000).
The type-B ARRs have potential nuclear localization signals (NLSs) in the C-terminal
regions, which was proved by the localizations o f several type-B ARRs to the nucleus
(Sakai et al., 2000), The C-terminal region o f the type-B ARRs contains a conserved
60-amino acid GARP domain that is classified as a Myb-related DNA binding m otif
indicative o f function as an Arabidopsis transcription factor (Hosoda et al., 2002;
Heyl and Schmulling, 2003). The GARP domains in both ARR1 and ARR2 bind
specially to the sequence (5’-AGATT-3’) and activate the expression o f the reporter
gene from a region with copies o f this sequence upstream a minimal 35S promoter
(Sakai et al., 2000). When the receiver domains at the N-terminal regions o f the
Proteins are absent, the DNA-binding activity o f these type-B ARRs is strengthened,
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which supports that the activity of the GARP domain is regulated by the receiver
domain of the type-B ARRs (Sakai et al., 2000). Type-B ARRs that works as
transcription factors can be evidenced by the presence of GARP domain binding sites
in the promoters of type-A ARRs (Sakai et al., 2001).
In addition to this difference in structure, the two classes of ARRs are different in
their expression patterns and biochemical activities. Some of the genes such as ARR4
and ARR5 for the type-A response regulators are induced within 10 mins by
exogenous cytokinins but not by other hormones that have been tested. Since this
induction does not require de novo protein synthesis, they thus fulfill the criteria to be
considered cytokinin primary response genes (D’ Agostino et al., 2000). Moreover,
after retreatment of N-starved plants with nitrate, their transcripts are accumulated
(Taniguchi et al., 1998). These results indicate that the cytokinin-responsive ARRs, at
least in part, take part in the nitrate signaling pathway regulated by cytokinin in
Arabidopsis, whereas members of the type-B group do not respond to nitrate (Urao et
al., 2000).
Some studies revealed that ARR5 has a high-level expression in the central region of
mature roots, in the shoot and root apical meristems and at the junction of the pedicel
and immature siliques, which is in agreement with possible sites of cytokinin action
(D’Agostino et al., 2000). ARR4 was identified in stems, leaves, and flowers by
detecting the steady-state level of the ARR4 protein levels. Although ARR4 protein
was not detected in roots, the mRNA of ARR4 was detected in roots (Sweere et al.,
2001). This suggests a post-translational control and this form of control is also
implicated that light can highly increase the level of ARR4 protein, but light has no
effect on the level of ARR4 mRNA (Brandstatter and Kieber, 1998).
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1.5 POSSIBILITY OF UNKNOWN CYTOKININ RECEPTORS OR
BINDING PROTEINS
To confirm the receptor function of a protein, it is necessary to show that the isolated
protein specifically binds a ligand and initiates a biochemical change that could lead
to a response (Brault and Maldiney, 1999). Although the physiological effects of
cytokinin have been well characterized and some breakthroughs in cytokinin
signalling mechanisms have been made, the molecular mechanisms underlying
cytokinin signalling are far from fully resolved. The search for cytokinin receptors has
been intensive and some candidates have been nominated, especially CRE1/AHK4. A
great challenge in cytokinin research is that, like other plant hormones, the
physiological functions are pleiotropic and the diverse effects may derive from
presence of various receptors for the signal. Although CRE1/AHK4 has been found
able to bind cytokinin in vitro, it is not likely to account for all actions of cytokinin.
For example, wol (cre1) recessive mutants lack an obvious leaf phenotype. In addition,
CRE1/AHK4/wol is predominately expressed in roots, therefore it is possible that
other closely related Arabidopsis histidine protein kinase genes (and perhaps even
entirely novel genes) expressed in the other organs of plants may also provide
cytokinin receptor function. Some studies indicated that about 10% of the very large
class of predicted Arabidopsis protein kinase genes encode for receptor-like protein
kinases. But in most cases, their ligands and functions are unknown (Schäfer and
Schmülling, 2002). Furthermore, the surface location of receptors is not universal and
many hormones, which are small compared with the protein and peptide hormones to
which animal cells often respond, may be detected by intracellular receptors as occurs
in animal cells in perception of nitric oxide and steroids. Plant hormones fall within
this small molecule size category, therefore the intracellular receptor system, as has
been well characterized for the steroid hormones, should be considered as a possible
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mechanism in plants. In animal cells, a superfamily of steroid hormone intracellular
receptors is known and responsible for response to cortisol, estradiol, testosterone,
tyroxine, retinoic acid and other steroid signal molecules (reviewed by Mc Kenna et
al., 1999). Barley CBP67s, Arabidopsis CBP67 and maize CBP70 may be such
candidates. Clearly the existence of currently unknown cytokinin receptors is possible.

1.6 METHODS – AN OVERVIEW
1.6.1 Methods Used to Search for Hormone Binding Proteins or
Receptors
Following the progress in hormone studies, many methods have been developed to
search for proteins that bind hormones in vivo. The core of such methods is the
biochemical interactions between ligands and receptors, and the adoption of
molecular genetic approaches has greatly facilitated the researchers.

1.6.1.1 Affinity binding methods
Affinity binding methods are classical for isolation of proteins and therefore
applicable to hormone receptor research. These methods are based on the physical
association of hormones with their binding proteins or receptors, which is used to
purify the hormone binding protein. There have been many research reports based on
these methods.
Gammeltoft et al. (1985) identified insulin-like growth factor (IGF) receptor I and II
by employing the immunological affinity assays with antibodies against these
receptors. Pandey et al. (2000) used immunoprecipitation to identify the components
involved in the epidermal growth factor receptor signaling pathway. Behrendt et al.
(2000) isolated an interleukin-18 binding protein from urine by affinity
chromatography. In addition, a putative auxin receptor has been isolated by a
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radiolabel binding assay (Venis, 1977). An abscisic acid-binding protein from broad
bean was isolated from leaf epidermis by affinity chromatography (Zhang et al.,
2002). Two polypeptides were revealed in plasma membranes prepared from
aleurone, leaves and stems of some plants by a photolabelled gibberellin (Lovegrove
et al., 1998). Based on the cross-reaction between an auxin-binding protein and an
anti-bovine serum albumin antibody, the 57 kDa auxin-binding protein was isolated
from rice plants by employing an immunoaffinity column with the antibody (Kim et
al., 2001). This approach has also resulted in the detection of some proteins that bind
cytokinins (Brinegar et al., 1985; Brault et al. 1999; section 1.3.2), although the
molecular identities of such proteins have yet to be revealed.

1.6.1.2 Genetic mutation method
Screening mutants caused by random genetic mutation for phenotypes that could be
exsected to arise by loss of ability to detect the presence of hormone has been found
successful in hormone receptor studies. As mentioned in section 1.3.1.1, a cytokinin
receptor candidate CKI1 was identified among the T-DNA insertion mutants of
Arabidopsis that showed cytokinin responsive phenotypes in the absence of the
hormone (Kakimoto, 1996). In addition, the isolation of ETR1, which is now known
as an ethylene receptor, resulted from characterising a mutant of Arabidopsis that is
insensitive to ethylene treatment (Schaller and Bleecker, 1995).

1.6.1.3 Other methods
Biochemical binding and genetic mutation are the two main basic approaches used in
searching for hormone receptors. They have been effective but are rather laborious.
Recently genome sequencing and molecular biology techniques have begun to
facilitate the search.
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Bioinformatics analysis of sequenced genomes has been used to search for human
cDNA sequences that had similar sequences to the known sterol-binding region of
oxysterol-binding protein. According to these homologous sequences, some potential
cellular receptors for oxysterols have been cloned (Laitinen, 2002). As described in
section 1.3.1.2, AHK2 and 3, which are both homologous to the so far best-known
candidate for a cytokinin receptor CRE1/AHK4, are being studied now for their
capacity of hormone reception. In addition, the functional complementation of a yeast
signal transduction mutant with exogenous genes, to search for hormone binding
proteins has been successful. For example as described in section 1.3.2, AtPUP1,
which is assumed to be a cytokinin transporter, was identified by the functional
complementation of a yeast fcy2 mutant with an Arabidopsis cDNA library (Gillissen
et al., 2000).

1.6.2 Potential New Methods for Studying Plant Hormone Receptors
New method can have a great impact in the progress of research. In meeting the
challenge of plant hormone receptor research, two emerging techniques, yeast threehybrid system and flow cytometry, are of particular interest. The yeast hybrid system
has been developed to study interactions between molecules in cells. While yeast twohybrid system (Y-2-H) has been proved particularly successful in protein-protein
interactions, yeast three-hybrid system is potentially valuable in studies of interactions
between proteins and small molecules such as hormones (Brachmann and Boeke,
1997). Flow cytometry is a relatively new tool in cell biology studies and may also
have an application in hormone receptor research. In the following two sections
1.6.2.1 and 1.6.2.2, the methodology and basic applications of these two techniques
will be reviewed. More details regarding their potential uses in cytokinin receptor
study can be found in section 3.1 and 4.1.
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1.6.2.1 Two-hybrid and three-hybrid systems in yeast
The two-hybrid system in yeast (Saccharomyces cerevisiae) was first described by
Fields and Song in 1989 and provides a powerful genetic tool to study protein-protein
interactions inside live cells. The selection technique can be used to screen very large
populations of yeast to discover these cells in which protein interactions may have
generated a functional transcription factor that activates the expression of reporter
gene(s). By this means, large populations of potentially active proteins can be screen
simply and quickly. The extensive application and continuous development of the
system have generated some new refinements, such as three-hybrid systems, to study
complex macromolecular interactions.
The two-hybrid system is based on the principle that GAL4 transcription factor
contains a DNA binding domain and an activation domain. The two domains can be
encoded separately or even as two chimeric proteins. However, if the domains are
brought together to form a whole GAL4 transcription factor, the transcription factor
can activate the expression of reporter gene(s) under the control of the GAL4
upstream activating sequence (UAS). So if protein X, which can bind to known
protein Y, is expected to be identified, one plasmid (bait) containing protein Y gene
fused to DBD sequence and the other plasmids (fish) containing a library of cDNAs
fused to AD sequence should be constructed. They are transformed into the same host
cell line with reporter genes whose expressions are controlled by the transcription
factor. If one library plasmid can express the protein X fused to AD domain, the two
proteins (proteins X and Y) do bind together to form the functional transcription
factor and reporter genes and/or selectable marker to which the transcription factor
binds can be transcribed. The rare cell in which this occurs can be selected from
populations of millions of yeast cells in a single culture. By this means, the protein of
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interest is identified and revealed by the sequence of the gene that is fused to the AD
in the particular clone that is selected. This principle can be applied to transcription
factors other than GAL and in many cases LexA transcription factor of E. coli can be
used instead. One recurrent problem encountered with yeast two-hybrid screen is the
occurrence of false positives due to the expression of reporter genes without the true
reconstitution of the transcription factor. The problem is reduced if many reporter
genes can be employed. A yeast strain, named pJ69-4A, was developed. The strain
contains three different reporter genes (HIS3, ADE2 and LacZ) controlled by the
different inducible promoters (GAL1, GAL2 and GAL7) respectively, which
improves the capability to discriminate between false positives and real interactions
(James et al., 1996). This was not possible in the present study, which relied upon
identifying positive clones solely by their capacity to express the three reporter genes.
In two-hybrid systems, the interactions of the fusion proteins that may yield a
functional transcription factor and the transcription of the reporter genes occur in the
yeast nucleus, which prevents the screening of proteins that are unable to enter the
nucleus, such as extracellular proteins or proteins containing strong targeting signals
such as membrane receptor proteins and secretory proteins.
To solve this problem, Aronheim and colleagues made a great improvement in the
traditional two-hybrid system. They moved the interaction site from cellular nucleus
to the cell outer membrane, where protein interaction may result in assembly of
functional hSos, a mammalian guanyl-nucleotide exchange factor (GEF) that can only
activate Ras when situated to the plasma membrane. Ras signaling pathway is
important for yeast cells to keep their viability. A yeast mutant with Cdc25-2, which
is a point mutation in the GEF of yeast Ras signaling pathway, does not grow at 36
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ºC. But when functional hSos protein is artificially located to the membrane by a
successful protein interaction, the mutant can restore growth at 36 ºC (Aronheim et
al., 1997). In addition, Johnsson and Vashavsky (1994) have established an ubiquitinspecific proteases system to solve the same problem. Ubiquitin can attach to proteins
that will be degraded by ubiquitin-specific proteases. The cleavage site is at a double
glycine motif of the C-terminal region of ubiquitin. The N-terminal half and Cterminal half of ubiquitin can be expressed as functional molecules separately in yeast
and neither of them can be recognized by the enzymes. They can bring together to
form a quasi-native ubiquitin. A mutated N-terminal half of ubiquitin loses the
capability of binding C-terminal half to form the quasi-native ubiquitin. According to
the characters of the protein, the C-terminal half with a reporter protein fused to a
protein Y and the mutated N-terminal half fused to an unknown protein X, (which can
bind to known protein Y and is expected to be identified), are used to establish the
system. If the protein X does bind to the protein Y, the quasi-native ubiquitin is
formed and ubiquitin-specific proteases cleave the reporter protein, which leads to
discovery of the protein of interest and establishes a useful method for studying
kinetic and equilibrium characters of the protein interactions in vivo.
The yeast two-hybrid system has some limitations for the study of interactions
between proteins that may occur in higher eukaryotes. In yeast cells, various
biological functions, especially post-translational modifications such as Nglycosylation and disulfide bridge formation, are simpler than the ones of higherorder eukaryotes such as plant cells and animal cells, therefore expressed proteins
may not take on their natural forms that they would in higher cells. So to study some
biological functions of proteins from higher-order eukaryotes, a two-hybrid system
has been established in mammalian cells (Tsan et al., 1997).
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In recent years, as well as the extension of two-hybrid techniques to cells other than
yeast, the generation of active transcription factor in the nucleus has been adapted by
the creation of so called one-hybrid systems to identify transcription factors and three
hybrid systems to identify ligand (hormone) binding proteins.
The one-hybrid system has been developed to study protein-DNA interaction (Li and
Herskowita, 1993). This system supplies an effective experimental tool for isolation
and verification of transcription factor. In addition, to search for macromolecules such
as drugs and protein mutants that can disrupt known two-hybrid interactions, reverse
two-hybrid system and split hybrid system are established on the basis of the
traditional two-hybrid system (Vidal et al., 1996; Shih et al., 1996).
The three-hybrid system in yeast can be used to search for proteins that bind to small
ligands. For this purpose, a hybrid ligand, which can form a bridge between DBD and
AD domains of the transcription factor to generate a functional transcription factor,
needs to be designed. Other variants, which will not be described in detail, are the
protein three-hybrid system, kinase three-hybrid system and RNA three-hybrid system
(reviewed by Brachmann and Boeke, 1997). The small ligand three-hybrid system is
used to study the interactions between small ligands and proteins. As originally
developed by Licitra and Liu (1996), binding to the animal hormone FK506, an
immunosuppressive drug used to prevent transplant rejection (Liang et al., 1996), was
detected. This system, which will be described in detail in Chapter III, may be
employed in plant hormone receptor research.
In addition, yeast was selected as suitable for screening libraries of plant genes
because large populations can be accommodated in a small volume and the molecular
biology of this simple eukaryotic organism is well understood. In particular, an
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expression library of plant genes was available (Minet et al., 1992) that has already
been used to clone many plant genes, such as the G1 cyclin genes, by expression in
yeast (Soni et al., 1995). Yeast can perform many eukaryote-specific posttranslational modifications such as proteolytic processing, folding, disulfide bridge
formation and glycosylation (Eckart and Bussineau, 1996). Furthermore, yeast has
some features of bacterial expression system such as ease, simplicity and cheapness.
Like bacteria, yeast cells can be cultured on simple media. All of these advantages
make yeast suitable for study of some plant genes.

1.6.2.2 Flow cytometer and FACS
Flow cytometer is a useful and powerful tool that can analyse and sort suspended
small particles such as cells in a fluid stream. The techniques have been widely used
in microbiology and molecular cell biology.
The earliest flow cytometer-like equipment, which employed a photoelectric cell,
was reported 71 years ago. This equipment could count individual cells traveling
through a capillary tube on a microscope stage (Moldova, 1934). The first flow
cytometer was invented in 1947 by Gucker and colleagues, who developed it to verify
the efficiency of gas mask filters (Shapiro, 1988). The modern flow cytometer with a
fluid stream was developed by Crossland-Taylor in 1953 and the first sorter was
developed by Fulwyler in 1965. With developments in physics and chemistry, many
improvements in optical technology and fluorescent dyes have given greater
resolution and spread of sorting.
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In general, the cytometer collects three parameters from each cell: (a) forward scatter
intensity, which shows cell shape and diameter; (b) side scatter intensity, which shows
cell density; and (c) fluorescence intensities. Light scatter is a very useful and
powerful signal. According to the light scatter data, the data from dead cells, cell
debris and cell aggregates are eliminated. Fluorescence intensities for each cell can be
detected at several different wavelengths at a time and provide information on
different cell components depending on the specific staining that has been applied. A
simplified layout o f flow cytometry is illustrated in Figure 1.5.
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Forward Scatter
Detector
Figure 1.5 A simplified layout o f typical analytical flow cytometry, seen in plan view
arranged about the interrogation point where particles moving in a column o f liquid
oriented at right angles to the components shown (moving vertically downwards in
the apparatus) are irradiated in one or more laser beams. (Taken from
http ://www. ex. unibe. ch/dkf7/scan2.gif)
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Fluorescent probes and fluorescent antibodies are two useful tools in flow cytometry.
The former are used to study specific cellular components such as DNA content,
cytoskeletal proteins and nuclear proteins and the latter are often used to study the
characteristics of specific surface proteins or receptors and differentiate different
kinds of cells from a heterogeneous population such as cells expressing a specific
surface receptor.
The basic principle of flow cytometry is that an individual cell travels through a
beam of light of a particular wavelength and emits several signals of detected light or
fluorescence that are detected as a forward scatter, a side scatter and one or more
fluorescence

wavelengths,

which

together

indicate

physical

and

chemical

characteristics of the cells.
FACS is a novel kind of flow cytometry, in which cells with different characteristics
can be isolated from a mixed sample, according to the scattered light and fluorescent
light signals emitted by each. A key element in the use of FACS is the use of an
appropriate fluorescent dye to obtain a signal that provides information about
important cell components. Since an endogenous background fluorescence can be
generated by many substances such as reduced pyridine and flavin nucleotides in cells
when excited by a light with appropriate wavelength (Thorell, 1980), fluorescent dyes
for different flow cytometry assays should be selected carefully. In addition, the
quantum yields of these stains and their photostabilities should be considered.
The sorting of cells from a heterogeneous population is achieved by electrostatic
deflection of charged droplets containing the cells. Cells are sucked from a sample
and injected one after another in a center of a fluid stream. When each individual cell
is illuminated by the laser beam at the site of analysis, the FACS decides whether the
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cell is to be collected, depending on the scattered light and fluorescence signals
collected. Meanwhile, by supplying a preset frequency and amplitude vibration to the
stream, this break-off point, at which the stream breaks up into droplets, can be
stabilized. The drop delay, which is the distance from the site of analysis to the breakoff point, is precisely stabilization. Thus, if an interesting cell has been identified at
the site of analysis, the FACS charges the stream until that cell has traveled to the
break-off point. The droplet holding the cell is broken from the stream and carries a
positive charge or a negative one. After traveling through the deflection plates setting
on either of the droplet, the charged droplet will be attracted towards the deflection
plate with opposite polarity. So it is possible to sort two separate populations from the
same sample.
Flow cytometry has been applied widely in biology and only a hint of its many uses
can be given here. For example, by use of DNA stain, the phase of cells in their cell
cycle can be studied by flow cytometry (Park et al., 2001). Flow cytometry can be
used to analyse cell division or apoptosis (Barksdale Jr et al., 1999). In addition, flow
cytometry is employed to sort particular cells from a sample. For instance, the canine
microvascular endothelial cells, which were used to study the effect of retroviral
transduction, were isolated from adipose tissue by FACS (Grandas et al., 2001).
Additionally, FACS was employed to develop a novel method for quantification of
cells that underwent programmed cell death (Schmid et al., 1994). In a cell population,
some individuals with a specific binding property should be able to be sought out by
this technique and this opens the opportunity of its application to plant hormone
receptor research.
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1.7 SUMMARY AND THE AIM OF THIS PROJECT
Cytokinin controls many important physiological and developmental processes in
the plant. Molecular, genetic and biochemical studies have revealed a potential
cytokinin signal transduction chain from the cell surface to the nucleus (Figure 1.3)
and some possible cytokinin receptor candidates (section 1.3). But the details of
cytokinin signal transduction mechanisms and conclusive evidence that these receptor
candidates do work in the plants have yet to be revealed. The pleiotropic nature of
cytokinin functions implies the possibility that more than one receptor of potentially
different biochemical classes exist in plants. With the development of techniques,
some novel methods such three-hybrid system and flow cytometry have been
established, which makes looking for cytokinin-binding proteins a timely research
objective.
This project intended to develop two approaches. One is the modified yeast threehybrid approach that may be the most appropriate starting point to seek binding
proteins for small molecule hormones such as the cytokinins that may be detected
inside the cytoplasm. The other approach is an entirely novel approach to the study of
cytokinin-binding proteins that is based upon detecting cytokinin binding using flow
cytometry. For either of these two approaches to work, some specially designed
cytokinin conjugates had to be prepared which, therefore, also formed part of this
project.
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2.1 INTRODUCTION
This part of project attempts to synthesise novel modified cytokinins of two sorts;
BAP conjugates with dexamethasone for use in yeast three-hybrid system and BAP
conjugates with biotin for use in a flow cytometry-based screen for membrane-located
cytokinin-binding proteins (see Chapter III and IV).
For synthesis of BAP conjugates, routes outlined in Figures 2.1 and 2.2 were used to
create

four

dexamethasone-BAP

hybrid

ligands

(A-D)

(Figure

2.3):

A,

dexamethasone linked to position 2 of the purine ring of BAP; B, dexamethasone
linked to position 9 of BAP; C, dexamethasone linked to position 8 of 9-β-Dribofuranosyl-BAP; D, dexamethasone linked to position 8 of BAP. In each case,
BAP was linked to dexamethasone moiety by a 10-carbon chain.

Figure 2.1 Formation of an activated ester derived from dexamethasone for
conjugation to BAP with a 10-carbon side chain (Compounds A to D in Figure 2. 2).
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Figure 2.2 The outline of the proposed synthetic processes of the four
dexamethasone-BAP conjugates. (i) Reaction with benzylamine at 110° C; (ii)
Reaction with 1,10-diaminodecane; (iii) Condensation with active ester (III); (iv)
Michael addition with ethyl acrylate; (v) amide formation with 1,10-diaminodecane in
toluene at 110° C; (vi) Benzylbromide at 25° C; (vii) Rearrangement in base; (viii)
1,10-diaminodecane at 100° C in n-propyl alcohol (n-PrOH) and triethylammonium
(TEA); (ix) Anhydrous methanolysis.
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Figure 2.3 The structures of the four BAP-dexamethasone conjugates.
Different BAP derivates conjugated to biotin were also used for the separate
objective of detecting putative cytokinin-binding proteins or receptors by flow
cytometry. Two BAP derivates were synthesized by biotinylation and comprised
BAP-8-biotin and 9-β-D-ribofuranosyl-BAP-8-biotin, which were abbreviated to CBI and CB-II (Figure 2.4).
To test whether the modified cytokinins retained biological activity as natural
cytokinins of responses in plants, the activities of the above conjugates (A, B, C, D,
CB-I, CB-II) were determined in the Amaranthus betacyanin bioassay for cytokinins.
The Amaranthus assay is based on the cytokinin-induced formation of betacyanins in
the cotyledons and hypocotyls of Amaranthus caudatus seedlings incubated in dark in
the presence of tyrosine (Biddington and Thomas, 1973). A modification in which
only the upper part of the hypocotyl and the cotyledons instead of the whole seedling
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were used in the Amaranthus tricolor bioassay for cytokinin was set up. The modified
method simplifies the technique, greatly shortens the assay time, reduces the
endogenous response and gives a higher BAP-dependent response (Biddington and
Thomas, 1973; Elliott, 1979). The activities of four other conjugates (1, 2, 3, 4;
synthesised by Prof. D. S. Letham previously) without a steroid moiety but related to
A, B and D (see Figure 2.5) were also determined in the assay to provide a broader
base of structure-activity information.

Figure 2.4 The structures of the two biotinylated BAP derivatives.
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Figure 2.5 The structures of the four compounds related to A, B and D which lack a
steroid moiety.
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2.2 MATERIALS AND METHODS
2.2.1 Chromatographic Methods
All synthetic compounds were purified by thin layer chromatography (TLC). All
TLC was performed using Merck silica gel 60 PF254 or pre-spread Merck silica gel 60
F254 plates.
Solvents used were (all proportions are by volume): Solvent A: Chloroformmethanol (9:1) with 100 µL of ammonia (14 M) added to the solvent (100 mL) in the
tank and to the filter paper lining; Solvent B: Chloroform-methanol (9:1); C,
Chloroform-methanol (4:1) with ammonia (14 M) as for A.

2.2.2 Synthesis of the Active Ester Derived from Dexamethasone
Dexamethasone (I in Figure 2.1) was converted to a carboxylic acid (II in Figure 2.1)
by a simplified version of the method used by Govindan and Manz (1980).
To a solution of dexamethasone (400 mg) in 80 mL ethanol, 48 mL 0.025 M
periodic acid and then 30 mL 0.125 M sulphuric acid were added and the mixture was
stirred for a few hour and then left at 25º C for 20 h. TLC of ethyl acetate extracts of
the solution indicated that the reaction was complete and yielded one product that had
zero Rf in Solvent A. When the reaction solution was concentrated to 20 mL under
vacuum and left at 4º C for 24 h, the product crystallised from solution and was
filtered off and was washed with 0.5 M acetic acid. The washed compound was dried
at 35º C under vacuum, yielding 0.32 g. A further 35 mg was recovered from the
mother liquids and wash solution by ethyl acetate extraction. The resulting acid (II in
Figure 2.1) was converted to an active ester (III in Figure 2.1) as described in section
2.3.1.
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To form the active ester, ethyl acetate solutions (64 mM) of 1, 3dicyclohexylcarbodiimide (DCHC) (0.95 mL 61 µmoles) and of N-hydroxy
succinimide (0.95 mL, 61 µmoles) were added to dexamethasone acid (22.5 mg, 59
µmoles) and the mixture was gently shaken at 20˚ C. The acid gradually dissolved and
dicyclohexylurea, a by-product of the reaction, crystallised out. After 18 h, the
solution was centrifuged and the pellet was washed with a small volume of ethyl
acetate. The combined ethyl acetate solutions containing the active ester (III in Figure
2.1) were washed with a one third volume of water and kept at 4˚ C until used directly
for conjugation with a cytokinin moiety.

2.2.3 Conjugation of Dexamethasone Derivative with a Cytokinin
Moiety
The derivatives of BAP with a free amino group (compounds a, b, c, d in Figure 2.2)
were each reacted with the active ester II (see Figure 2.1). The amino compounds (1016mg) were each dissolved in 200 µL N, N-dimethylformamide (DMF) and a 50%
excess of active ester as 1.5 mL to 2 mL ethyl acetate solution was added. The
mixture was left at 20˚ C for 18 h when TLC indicated conjugate formation was
complete.
Each solution was subjected to preparative TLC. For Compound A, the solvent was
A, but the remaining compounds (B, C and D) were chromatographed using Solvent
B. Chromatogram zeros were eluted in small columns with ethanol for
characterisation by mass spectroscopy (MS) and ultraviolet (UV) spectra, and for use
in bioassays and in the yeast three-hybrid system.
The chemical structures of the products were confirmed by MS (conducted by Prof.
D. S. Letham at the Research School of Chemistry, ANU) and the UV spectra. This
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evidence is summarised later (section 2.3.2). All UV spectra were taken in 95%
ethanol containing 0.1 M HCl.

2.2.4 Synthesis of Biotin-BAP Conjugates
Biotin was first converted to an active ester. Biotin (Sigma) (14.5 mg) was dissolved
in 0.6 mL DMF plus 0.4 mL acetonitrile. Ethyl acetate solutions (0.95 mL, 64 mM) of
N-hydroxy succinimide and of DCHC were added and the mixture was shaken
occasionally at 20˚ C for 24 h when it was centrifuged to remove dicyclohexylurea
that formed. The pellet was washed with ethyl acetate that was added to the first
supernatant.
The active ester of biotin was not detected on TLC plates under UV light (254 nm)
directly. However after hydrolysis with ammonia vapour, it released N-hydroxy
succinimide that was visible on the plates under UV.
The active ester as an ethyl acetate solution was reacted with the amino derivatives
of BAP (c and d, see Figure 2.2) at 20˚ C for 18 h. The amino compounds were first
dissolved in 0.2 mL DMF and a 50% excess of the active ester was used.
The resulting solutions were chromatographed by TLC using Solution C and the UV
absorbing zones of the products were eluted with ethanol in small columns.

2.2.5 Determination of the Cytokinin Activities of Compounds
2.2.5.1 Amaranthus betacyanin bioassay
This method was developed from the ones used by Biddington and Thomas (1973)
and Elliott (1979). Seeds of Amaranthus caudatus and Amaranthus tricolor (cv.
tricolor) were purchased from New Gippsland Seed Farm, Silvan, Victoria. The seeds
of Amaranthus caudatus or Amaranthus tricolor (cv. tricolor) were sown in a plastic
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tray over filter paper moistened with distilled water and allowed to germinate in
darkness at 26º C for 96 h. The seed coats were removed with a fine forceps and the
cotyledons together with a portion of attached hypocotyl were cut from the seedlings
under dim light. Forty-five such cotyledonary explants were transferred to a petri dish
(8.5 cm diameter) containing one layer of Whatman No. 1 filter paper and 3 mL
phosphate buffer (pH 6.3) with 1 mg/mL L-tyrosine and a compound to be tested for
cytokinin-like biological activity. After incubation in darkness at 26º C for 18 h,
fifteen explants from the plate were placed in each of three 1.5-mL tubes containing
0.3 mL 3.33 mM acetic acid solution and ground to extract the pigment betacyanin.
After that, additional 0.7 mL 3.33 mM acetic acid solution was added into each of the
tubes. After a gentle centrifugation, the supernatants were assayed for absorbance at
542 and 620 nm. Betacyanin concentration for each replicate was calculated from the
following equation: A542-A620 and the mean of the three replicates was calculated.
When treatment effects were significant, means were compared using the Least
Significant Differences (LSDs). Any changes in these methods are noted in the
following sections.

2.2.5.2 Preparation of the solutions of BAP and all compounds
Several stock and working solutions of BAP and the related compounds were
prepared for use in different assays. An appropriate amount of BAP was dissolved in
dH2O or dimethylsulfoxide (DMSO) as stock solutions. Appropriate amounts of other
compounds were dissolved in DMSO as stock solutions. The stock solutions were
then diluted with dH2O or DMSO for different assays, as detailed in Tables 2.1, 2.2,
2.3, 2.4, 2.5 and 2.6.
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Table 2.1 The solutions prepared to detect the effect of DMSO on the bioassay. The
BAP was dissolved and diluted in dH2O. The final concentration of BAP in each of
the solutions was 5 µM.
Solution
with
0.1%
DMSO
BAP
solution (2.5
mM)
Phosphate
buffer (pH
6.3)
L-tyrosine
(10 mg/mL)

Solution
with
0.2%
DMSO

Solution
with
0.4%
DMSO

Solution
with
0.6%
DMSO

Solution
with
0%
DMSO

Blank

6 µL

6 µL

6 µL

6 µL

6 µL

---

2.7 mL

2.7 mL

2.7 mL

2.7 mL

2.7 mL

2.7 mL

0.3 mL

0.3 mL

0.3 mL

0.3 mL

0.3 mL

0.3 mL

DMSO

3 µL

6 µL

12 µL

18 µL

---

---

dH2O

15 µL

12 µL

6 µL

---

18 µL

24 µL

Table 2.2 The solutions prepared to establish the BAP standard curve. The 104 µM
BAP solution was in DMSO and was diluted with dH2O. The 103 µM BAP solution
contained 10% DMSO. The minute amount of DMSO from the 102 µM BAP solution
to 10-1 µM BAP solution was not counted.

BAP
solutions

Solution
with 100
µM BAP

Solution
with 10
µM BAP

Solution
with 1
µM BAP

Solution
with 0.1
µM BAP

30 µL
104 µM
BAP
solution

30 µL
103 µM
BAP
solution

30 µL
102 µM
BAP
solution

30 µL 10
µM BAP
solution

Solution
with
0.01 µM
BAP
30 µL
100 µM
BAP
solution

Solution
with
0.001 µM
BAP
30 µL 10-1
µM BAP
solution

Blank

---

Phosphate
buffer (pH
6.3)
L-tyrosine
(10 mg/mL)

2.7 mL

2.7 mL

2.7 mL

2.7 mL

2.7 mL

2.7 mL

2.7 mL

0.3 mL

0.3 mL

0.3 mL

0.3 mL

0.3 mL

0.3 mL

0.3 mL

DMSO

-------

27 µL

30 µL

30 µL

30 µL

30 µL

30 µL

dH2O

30 µL

3 µL

---

---

---

---

30 µL
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Table 2.3 The solutions prepared to detect the activities of the four compounds. The
103 µM BAP solution contained 10% DMSO.
Final
concentration
of the
compounds

Volume of
stock
solutions

Phosphate
buffer
(pH 6.3)

L-tyrosine
(10 mg/mL)

DMSO

4 µM
2 µM
1 µM
4 µM
2 µM
1 µM
4 µM
2 µM
1 µM
4 µM
2 µM
1 µM
4 µM
2 µM
1 µM

12 µL
6 µL
3 µL
2.4 µL
1.2 µL
0.6 µL
2.4 µL
1.2 µL
0.6 µL
2.4 µL
1.2 µL
0.6 µL
2.4 µL
1.2 µL
0.6 µL

2.7 mL
2.7 mL
2.7 mL
2.7 mL
2.7 mL
2.7 mL
2.7 mL
2.7 mL
2.7 mL
2.7 mL
2.7 mL
2.7 mL
2.7 mL
2.7 mL
2.7 mL

0.3 mL
0.3 mL
0.3 mL
0.3 mL
0.3 mL
0.3 mL
0.3 mL
0.3 mL
0.3 mL
0.3 mL
0.3 mL
0.3 mL
0.3 mL
0.3 mL
0.3 mL

1.2 µL
1.8 µL
2.1 µL
--1.2 µL
1.8 µL
--1.2 µL
1.8 µL
--1.2 µL
1.8 µL
--1.2 µL
1.8 µL

0 µM

0 µL

2.7 mL

0.3 mL

2.4 µL

BAP (103
µM)
Compound
A (5 mM)
Compound
B (5 mM)
Compound
C (5 mM)
Compound
D (5 mM)
Blank

Table 2.4 The solutions prepared to detect the competition between BAP and
compounds 1-3. The 2.5 mM BAP stock solution contained 12.5% DMSO. The final
concentration of BAP was 5 µM. The final concentration of each compound (1-3) was
20 µM.
BAP
solution
(2.5
mM)

Relative
Compound
solution
(5 mM)

Phosphate
buffer
(pH 6.3)

Ltyrosine
(10
mg/mL)

DMSO

Blank

----

----

2.7 mL

0.3 mL

12.75 µL

BAP (5 µM)

6 µL

----

2.7 mL

0.3 mL

12 µL

BAP (5 µM)+1 (20 µM)

6 µL

12 µL

2.7 mL

0.3 mL

----

BAP (5 µM)+2 (20 µM)

6 µL

12 µL

2.7 mL

0.3 mL

----

BAP (5 µM)+3 (20 µM)

6 µL

12 µL

2.7 mL

0.3 mL

----

1 (20 µM)

----

12 µL

2.7 mL

0.3 mL

0.75 µL

2 (20 µM)

----

12 µL

2.7 mL

0.3 mL

0.75 µL

3 (20 µM)

----

12 µL

2.7 mL

0.3 mL

0.75 µL
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Table 2.5 The solutions prepared to detect the activity of each compound (A, B, C
and D) and the competition between BAP and compounds. The 2.5 mM BAP solution
contained 12.5% DMSO. The final concentrations of BAP were 2.5 µM and 5 µM
respectively. The final concentration of each bait compound (A-D) was 20 µM.

BAP
BAP+A
BAP+B
BAP+C
BAP+D

LPhosphate
tyrosine
buffer
(10
(pH 6.3)
mg/mL)

BAP
solution
(2.5
mM)

Relative
Compound
solution
(5 mM)

Blank

----

----

2.7 mL

0.3 mL

12.75 µL

[BAP]=2.5 µM

3 µL

----

2.7 mL

0.3 mL

12.38 µL

[BAP]=5.0 µM

6 µL

----

2.7 mL

0.3 mL

12 µL

[BAP]=2.5 µM

3 µL

12 µL

2.7 mL

0.3 mL

0.38 µL

[BAP]=5.0 µM

6 µL

12 µL

2.7 mL

0.3 mL

----

[BAP]=2.5 µM

3 µL

12 µL

2.7 mL

0.3 mL

0.38 µL

[BAP]=5.0 µM

6 µL

12 µL

2.7 mL

0.3 mL

----

[BAP]=2.5 µM

3 µL

12 µL

2.7 mL

0.3 mL

0.38 µL

[BAP]=5.0 µM

6 µL

12 µL

2.7 mL

0.3 mL

----

[BAP]=2.5 µM

3 µL

12 µL

2.7 mL

0.3 mL

0.38 µL

[BAP]=5.0 µM

6 µL

12 µL

2.7 mL

0.3 mL

----

---

---

2.7 mL

0.3 mL

12.75 µL

Blank

DMSO

BAP

[BAP]=5.0 µM

6 µL

----

2.7 mL

0.3 mL

12 µL

A

20 µM

----

12 µL

2.7 mL

0.3 mL

0.75 µL

B

20 µM

----

12 µL

2.7 mL

0.3 mL

0.75 µL

C

20 µM

----

12 µL

2.7 mL

0.3 mL

0.75 µL

D

20 µM

----

12 µL

2.7 mL

0.3 mL

0.75 µL

Table 2.6 The solutions prepared to detect the biological activity of BAP-biotin
conjugates. The 2.5 mM BAP solution contained 12.5% DMSO.

Blank
BAP (5 µM)
CB-I (20 µM)
CB-II (20 µM)
BAP (5 µM)+CB-I
(20 µM)
BAP (5 µM)+CB-II
(20 µM)

BAP
solution
(2.5 mM)

Relative
Compound
solution
(5 mM)

Phosphate
buffer
(pH 6.3)

Ltyrosine
(10
mg/mL)

DMSO

--6 µL
-----

----12 µL
12 µL

2.7 mL
2.7 mL
2.7 mL
2.7 mL

0.3 mL
0.3 mL
0.3 mL
0.3 mL

12.75 µL
12 µL
0.75 µL
0.75 µL

6 µL

12 µL

2.7 mL

0.3 mL

---

6 µL

12 µL

2.7 mL

0.3 mL

---
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2.3 RESULTS
2.3.1 Synthesis of the Active Ester Derived from Dexamethasone
The acid derived from dexamethasone in section 2.2.2 (II in Figure 2.1, henceforth
termed “dexamethasone acid”) exhibited the following UV spectrum: λmax in 0.1 M
HCl (95% ethanol) and in 0.2 M NH4OH (95% ethanol), 240 nm (ε=23,100); no λmin
was evident. The identity of the product was confirmed by gas chromatograph-mass
spectrometer (GC-MS) of the ditrimethylsilyl (TMS) derivative. The electron impact
(EI) spectrum exhibited ions at m/z: 522(M+), 507 (-CH3), 502 (-HF), 432 (-TMS·OH),
405 (-COOTMS). This is consistent with the proposed structure. A portion of the
product was subjected to TLC (Solvent B) and eluted with ethyl acetate for electron
impact mass spectroscopy (EI-MS) that confirmed identity (M+ 475).

2.3.2 Conjugations of Dexamethasone and BAP
Compound A (BAP linked to dexamethasone at position 2 of the purine ring):
UV spectrum, λmax 204, 238, 291 (ε=15,800) nm with a broad shoulder at 245-252
nm; λmin 217, 275 nm. An equimolar solution of dexamethasone acid plus 2hexylamino-BAP gave an identical spectrum (Figure 2.6), which confirmed the
identity of Compound A as a 2-substituted amino BAP conjugate.
The MS of Compound A was obtained by the fast atom bombardment (FAB)
technique and showed an intense MH+ ion at m/z 756 confirming 755 as the
molecular weight of Compound A. Attempts to obtain an EI mass spectrum were not
successful.
The mass spectra of all conjugates were obtained by soft ionization methods (see
section 2.4.1). There was no appreciable fragmentation and none would be expected.
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Figure 2.6 UV spectra of Compound A and the mixture. A, dexamethasone acid plus
2-hexylamino-BAP (equimolar); B, A diluted; C, Compound A; D, test screen
(holmium) to calibrate wavelength.
Compound B (BAP linked to dexamethasone at position 9 of the purine ring):
UV spectrum, λmax 210, 264 (ε=23,400) nm; λmin 232 nm. The spectrum was
identical to that of an equimolar mixture of dexamethasone acid and ethyl 3-(6-BAP9-yl) propionate, which confirmed the structure of Compound B.
Compound B exhibited an intense MH+ molecular ion in the FAB mass spectrum at
m/z 812 showing the compound possessed a molecular weight of 811, the calculated
value.
Compound C (BAP-9-riboside linked to dexamethasone at position 8 of the purine
ring):
UV spectrum, λmax 221, 275 nm; λmin 252 nm. The spectrum was nearly identical
to that of an equimolar mixture of dexamethasone acid and 8-(10-aminodecylamino)BAP-9 riboside, in accord with the assigned structure. A mass spectrum obtained by
the electrospray mass spectroscopy (ES-MS) showed an intense MH+ ion at m/z 888
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and a weak [M+Na]+ ion at m/z 910, which confirmed the molecular weight as 887. A
prominent ion at m/z 396 co-responded to loss of the ribose moiety and the
dexamethasone acid group.
Compound D (BAP linked to dexamethasone at position 8 of the purine ring):
UV spectrum, λmax 238, 307.5 (ε=17,800) nm; λmin 277 nm. This spectrum was
identical to that of an equimolar mixture of dexamethasone acid and 8-hexylaminoBAP, which confirmed the structure of the compound. A mass spectrum was obtained
by the ES method and showed an intense MH+ ion at m/z 756 and a [M+Na]+ ion at
m/z 778 in accord with the expected structure.

2.3.3 Synthesis of Biotin-BAP Conjugates
This yielded the conjugates CB-I and CB-II (Figure 2.4) with the characteristics
given below.
CB-I λmax in 95% ethanol containing 0.1 M HCl: 207, 237 and 308 nm, λmin 256
nm. The spectrum was very similar to that of 8-hexylamino-BAP and addition of an
equimolar amount of biotin did not appreciably alter the spectrum. This was almost
identical to that of the amine d. Biotin exhibits only very weak UV absorption: λmax
204 nm (ε=3,470). CB-I exhibited the following ES mass spectrum: MH+ 622,
[M+Na]+ 644, [M+2H]2+ 312 (m/z).

CB-II λmax: 212, 278 nm. λmin 243 nm. A weak broad shoulder was also evident at
303-321 nm. This spectrum was identical to that of the amino c. CB-II exhibited the
following ES mass spectrum: MH+ 754, [M+Na]+ 776 (m/z).
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2.3.4 The Effect of DMSO on the Bioassay
To dissolve cytokinin and related compounds, ethanol was used initially in some
experiments, but at concentrations of 0.1% and above it strongly inhibited pigment
formation. This occurred even when growth of the explants was not suppressed
appreciably. So another solvent DMSO was tested, the betacyanin levels (determined
by the difference between A542 and A620) showed that the DMSO concentrations
between 0.0 and 0.6% did not alter pigment formation (Table 2.7). This indicated that
DMSO is a suitable solvent to add to the culture media. The DMSO concentrations
had no effect on the pigment formation in seedlings of Amaranthus caudatus
(unshown data). The results from seedlings of Amaranthus tricolor were shown in
Table 2.7.
Table 2.7 The effect of DMSO on the bioassay. The LSD shows that there was no
significant difference between the five tested concentrations.
DMSO concentration
(v/v)
0.0%

0.0%
0.1%
0.2%
0.4%
0.6%
LSD (5% level)

A542-A620
[BAP]= 0.0 µM

[BAP]=5.0 µM

0.024
-------------------

---0.282±0.028
0.247±0.025
0.285±0.006
0.269±0.041
0.258±0.009
0.063

2.3.5 The Standard Curve of BAP Activity
All explants treated with the concentration of BAP that was higher than 1 µM gave a
strong red colour. The others were light yellow in colour. The result (Table 2.8)
shows that when the concentration of BAP is in the range from 1 µM to 100 µM, the
relationship between the concentration of BAP and the difference of absorbances is
linear (Figure 2.7). Seedlings of Amaranthus caudatus were incubated at 26 °C, not
for 18 h, but for only 10 h to establish the standard curve of BAP for the bioassay. As
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a result, the values of BAP activities in Figure 2.7 were lower than those shown in
Figure 2.8.
Table 2.8 The data for the standard curve of BAP in the bioassay.
BAP concentration (µM)

A542-A620

None

0.022±0.0006

10-3

0.0136±0.0015

10-2

0.0143±0.0058

10-1

0.021±0

1

0.155±0.0068

101

0.290±0.0111

102

0.383±0.0421

0. 45

Difference between the two optical
densities (542 nm and 620 nm)

0. 4
0. 35
0. 3
0. 25
0. 2
0. 15
0. 1
0. 05
0
0. 001

0. 01

0. 1

1

10

100

Concent r at i on of BAP ( ¦ M
Ì)

Figure 2.7 The standard curve of BAP for the bioassay.

2.3.6 The Cytokinin Activities of the Four Compounds A, B, C and D
The four compounds were tested first at 1-4 µM concentration range but none of the
compounds exhibited any cytokinin activity (Table 2.9 and Figure 2.8). However,
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when tested at a higher concentration of 20 µM, each induced a small increase in
pigment level (Table 2.10), indicating that they all have weak cytokinin activities.
The data shown in Table 2.9 and Figure 2.8 were obtained very early in this project by
using seedlings of Amaranthus caudatus. Since seedlings of Amaranthus caudatus
can produce betacyanin in the dark in the absence of BAP, which may cause
background (Biddington and Thomas, 1973; Elliott, 1979), the seedlings of
Amaranthus tricolor were used in all the following experiments.
Table 2.9 The detailed data for the activities of the four compounds shown in Figure
2.8.
A542-A620
Compound concentration (µM)

Compound
None

BAP
A
B
C
D
LSD (5% level)

0

1

2

4

0.023±0.0025
-------------------

---0.220±0.0448
0.020±0.0047
0.015±0.0081
0.025±0.0015
0.038±0.0173
0.038

---0.421±0.0268
0.013±0.0032
0.017±0.0035
0.023±0.0042
0.023±0.0032
0.022

---0.692±0.0370
0.013±0.0032
0.024±0.0065
0.030±0.0173
0.018±0.0021
0.030

Difference between the two optical
densities (542 nm and 620 nm)

0. 8
0. 7
0. 6
A
B
C
D
BAP

0. 5
0. 4
0. 3
0. 2
0. 1
0
0

1

2

3

4

5

Concent r at i ons of t he compounds ( ¦ M
Ì)

Figure 2.8 The comparison of the cytokinin activity of BAP and that of each
compound at the same concentration. Amaranthus caudatus was used in this bioassay.
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Table 2.10 Amaranthus betacyanin bioassay of BAP-dexamethasone conjugates.
Betacyanin production was determined by measuring A542-A620.
Compound

A542-A620

None

0.025±0.0072

BAP (5 µM)

0.311±0.0064

A (20 µM)

0.061±0.0035

B (20 µM)

0.071±0.0057

C (20 µM)

0.074±0.0050

D (20 µM)

0.062±0.0044

LSD (5% level)

0.015

2.3.7 The Competition between BAP and Compounds Related to the
BAP-dexamethasone Conjugates
All explants that received BAP appeared red in colour, while the blank control
appeared yellow. The results in Table 2.11 show that the activities of compounds 1-3
were very low and competition between BAP and each compound occurred.
Table 2.11 Amaranthus betacyanin bioassay of compounds (1-3) related to the BAPdexamethasone conjugates. The compounds were assayed in the absence and presence
of BAP. Betacyanin formation was determined by measuring A542-A620.
Compound (20µM)

A542-A620
[BAP] =0.0 µM

[BAP] =5.0 µM

None

0.025±0.0072

0.311±0.0064

1 (8-hexylamino-BAP)

0.095±0.0040

0.199±0.0057

2 (2-hexylamino-BAP)

0.092±0.0078

0.245±0.0147

3 (9-undecenyl-BAP)

0.087±0.0099

0.267±0.0255

LSD (5% level)

0.020

0.034

2.3.8 The Competition between BAP and Compounds A, B, C and D
All explants except the control appeared red in colour. The colours of the explants
treated by the solutions containing 5 µM BAP were stronger than those shown by the
explants treated by the solutions containing 2.5 µM BAP. Additions of each
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compound A, B, C and D resulted in obvious reduction in pigment level (Table 2.12),
indicating that competition between BAP and each compound occurred.
Table 2.12 Amaranthus betacyanin bioassay of BAP-dexamethasone conjugates in
the presence of BAP. Betacyanin production was determined by measuring A542-A620.
A542-A620

Conjugate (20 µM)
[BAP]=0.0 µM

[BAP] =2.5 µM

[BAP] =5.0 µM

None

0.033±0.0021

0.283±0.0021

0.308±0.0030

A

----

0.264±0.0015

0.259±0.0050

B

----

0.241±0.0051

0.287±0.0032

C

----

0.205±0.0010

0.265±0.0035

D

----

0.215±0.0031

0.236±0.0106

LSD (5% level)

----

0.0078

0.012

2.3.9 The Cytokinin Activity of BAP-Biotin Conjugates and the
Competition between BAP and the Conjugates
All explants treated by the solutions containing BAP appeared strong red in colour.
The explants treated by the BAP-biotin conjugates appeared yellow. Relatively weak
activities were shown by these two conjugates when used to treat the explants alone,
but the competition between BAP and each of the conjugates was clearly evident
(Table 2.13).
Table 2.13 Amaranthus betacyanin bioassay of BAP-biotin conjugates in the absence
and presence of BAP.
A542-A620
Compound (20 µM)
[BAP] =0.0 µM
[BAP] =5.0 µM
None

0.033±0.0021

0.308±0.0030

CB-I

0.062±0.0100

0.235±0.0035

CB-II

0.055±0.0020

0.264±0.0060

LSD (5% level)

0.013

0.011
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2.4 DISCUSSION
2.4.1 The Synthesis of the Conjugates and Confirmation of Structure
Strategies for chemical synthesis have been developed and carried through for the
creation of novel cytokinin-steroid conjugates that open the possibility of further
modifying the Y-3-H strategy of gene screening to detect plant hormone receptor
proteins. Hybrid plant-animal hormone molecules have been created that allow the
animal hormone moiety to be anchored to a fusion of a DBD with an animal hormone
receptor. The DBD can then be held in juxtaposition with a relative AD to create a
functional transcription factor, if the AD is fused with a plant hormone receptor
protein. The novel hybrid molecule thus acts as a bridge between the DBD and AD
and allows transcription from receptor genes that allow the identification of individual
cells in a population transformed with a plant fusion library. In addition, in the FACS
screening, biotinylated BAP that can bind to some potential membrane-bound
cytokinin-binding protein(s) was needed.
The key step in the synthesis of BAP-dexamethasone and BAP-biotin conjugates
was amide formation between an ester and an amino group linked to BAP. Normal
esters react with amines to give amides only at elevated temperatures (>100° C) that
would cause decomposition of the steroid dexamethasone and also of biotin. However,
the activated ester of dexamethasone acid and biotin prepared with N-hydroxy
succinimide reacted rapidly at 20° C with the amine derivatives of BAP (a, b, c and d
in Figure 2.2). This yielded the BAP-dexamethasone conjugates (A-D) and the biotin
conjugates (CB-I and CB-II) used in the present studies.
Confirmation of the structure of these conjugates was provided by MS and UV
absorption spectra. The ionisation employed most frequently to obtain mass spectra is
based on EI. Because of thermal sensitivity and/or excessive fragmentation due to EI,
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some compounds do not yield meaningful EI-MS. This appears to apply to the high
molecular weight conjugates of the present study. In this type of situation, “soft” (or
mild) ionisation methods are usually tried as an alternative. These are chemical
ionisation, field desorption, ES and FAB technique that usually yield spectra with
pronounced quasi-molecular ions (MH+) and these ions are sometimes the only ones
detected. ES and FAB spectra were available to us at the Research School of
Chemistry, ANU. With each dexamethasone-BAP conjugate and each biotin-BAP
conjugate, the spectra showed an intense MH+ ion and the m/z value observed agreed
with the calculated molecular weight confirming the assigned structure.
Both dexamethasone acid and BAP exhibit strong UV absorption spectra. When
joined by a 10-carbon chain, the UV spectra of the resulting conjugates showed the
equal summation of the spectra of dexamethasone acid and an appropriately
substituted BAP. For comparison with compounds A, B, C and D, the substituted
BAP derivatives used were 2-hexylamino-BAP, ethyl 3-(6-BAP-9-yl) propionate, 8(10-aminodecylamino)-BAP-9-riboside and 8-hexylamino-BAP respectively. In the
comparison involving Compound C, the BAP derivative with a 10-aminodecyl moiety
was used because the more desirable 8-hexyl compound (or an equivalent alkyl
compound) was not available. An acid solution of each of these BAP derivatives
containing an equimolar concentration of dexamethasone acid exhibited a UV
spectrum almost identical to that of the corresponding conjugate. This provides
supporting evidence for structure.
Since biotin (λmax 204 nm, ε=3,470), which shows only “end absorption”, does not
absorb above 220 nm, the interpretation of the UV spectra of CB-I and CB-II is
greatly simplified and the spectra are due to the purine moiety entirely. Each UV
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spectrum was identical to that of the corresponding alkyl substituted BAP derivative
and this accords with structure.

2.4.2 The Bioassay Results
Crucial to our screen strategy is the capacity of the target cytokinin-binding proteins
to bind the plant hormone moiety of the conjugated molecules. It is essential that the
plant cytokinin hormone remains strictly compatible with its receptors although it has
been conjugated with the animal steroid dexamethasone or biotin. So the retention of
binding interactions of the conjugated BAPs, with hormone receptors in the live plant,
was studied by their effects on tissue known to respond by pigment synthesis to
normal cytokinins.
The Amaranthus assay is a simple, quick and sensitive method to check the
cytokinin activities of BAP derivatives. It was, therefore, used to confirm that the
BAP derivatives used in this study have biological activities.
The Amaranthus betacyanin bioassay detects the active cytokinin bases: zeatin, BAP,
kinetin

and

N6-isopentenyladenine

and

the

corresponding

9-ribosides

at

concentrations of 0.1 µM and above. 9-butyl-BAP is also active in the assay (Elliott et
al., 1972), but there is no information about the activity of BAP derivatives with
larger alkyl groups. There are limited data for two compounds with such groups
attached to position 9 in a soybean leaf senescence assay (Zhang and Letham, 1989).
These compounds with 10-carbon and 11-carbon moieties exhibited very weak
activity.
The dexamethasone–BAP conjugates (A, B, C and D), the related compounds
without steroid moiety (1, 2 and 3) and the biotin-BAP conjugates (CB-I and CB-II)
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are all very weakly active in the Amaranthus betacyanin bioassay (Table 2.10, Table
2.11 and Table 2.13). However, Compound 4 (Figure 2.5) with a tetrahydropyranyl
group at position 9 of the purine ring showed activity similar to that of BAP (unshown
data).
When some 9-substituted cytokinins are supplied to plant tissue, the 9-substituent is
cleaved releasing free active cytokinin. This applies to 9-tetrahydropyranyl-BAP
(Compound 4) and to 9-(4-chlorobutyl)-BAP and possibly to 9-methyl-BAP (Zhang
and Letham, 1989). The high activity of Compound 4 observed in the present study
suggests that such 9-cleavage may also occur in the Amaranthus bioassay. Hence the
weak activities of B and 3 could be due to partial cleavage of the large substituent
groups at position 9 of the purine ring to release a low level of BAP (possibility 1).
Similarly, the other compounds (A, C and D; 1 and 2; CB-I and CB-II) might also be
cleaved to release BAP. Alternatively, the above compounds might be very weakly
active per se by binding to the cytokinin receptor(s), but not functioning effectively
when bound as BAP does (possibility 2). The activity of the compounds in the
presence of BAP is relevant here. In the presence of A, B, C or D; 1, 2 or 3; CB-I or
CB-II, the activity of BAP was reduced (Table 2.11, Table 2.12 and Table 2.13). This
indicates that they compete with BAP for a critical binding site (perhaps a receptor)
and this supports partially possibility 2 above. However, from the available evidence,
it is not possible to eliminate either of the above possibilities and both could
contribute to the very weak cytokinin activity of the conjugates A, B, C and D, CB-I
and CB-II.
Further studies could be done to determine if the conjugates release BAP or closely
related compounds under bioassay conditions. GC-MS might provide relevant
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information but such a study would not be a simple exercise since any free BAP
would be expected to be metabolized to a range of compounds, notably the 3-, 7- and
9-glucosides, the 9-riboside, 9-riboside 5' phosphates, and the 9-alanine conjugate.
These would all require derivatisation prior to GC-MS. Alternatively, a study of the
metabolic fate of radioactive conjugates might be more informative.
Although the conjugates A, B, C, D, CB-I and CB-II exhibited very weak cytokinin
activity, they suppressed the activity of the cytokinin BAP markedly. The related
compounds without a dexamethasone or biotin moiety (i.e. 1, 2 and 3) exhibited
similar inhibitory activity and hence this was not associated with these non-cytokinin
steroid and biotin groups. It is reasonable to propose that the conjugates bound to
regulator sites (perhaps a receptor) that normally accept BAP, thus suppressing BAP
activity. The conjugates thus resemble the anti-cytokinins, which are a group of
synthetic purine-like compounds that are similar to cytokinins in structure but inhibit
markedly cytokinin activity by competing for receptor/regulatory sites (Hecht, 1980).
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3.1 INTRODUCTION
One means of searching for hormone receptor genes among the large number of
genes that will usually be present in a gene library is to devise a positive selection for
any individual cell in which a receptor gene is present. A widely used method for the
detection of molecular binding in live cells is the yeast two-hybrid method. As
originally devised, a positive reaction in the yeast two-hybrid method derives from the
binding together of the two components (DBD domain and AD domain) of a bipartite
transcription factor. Only when these two domains are bound together do they become
functional as a transcription factor, and only then can they turn on reporter genes that
allow the yeast cells to be identified. This valuable positive selection is usually
applied by fusing a known protein that is under investigation for its possible binding
partners to the DBD domain. Binding partner candidates (from the gene library) are
fused to the AD domain and if binding occurs, the DBD domain in the fusion protein
and the AD domain in the fusion protein are held in proximity to form the
transcription factor that can function in transcription. The cell in which this occurs is
therefore able to be identified and the gene encoding the successful protein candidate
can be recovered and identified.
This powerful selection can also be applied to detect the binding of a small molecule,
such as a hormone, to a protein such as a receptor for the hormone. In this case, a
third component in the screen is now introduced in the form of a small molecule that
is part steroid and part cytokinin. A DBD domain of a transcription factor has
attached a protein that binds to the steroid moiety. A cDNA library of plant proteins is
fused to the AD domain of the transcription factor and screened for cytokinin binding.
If a plant protein expressed by the library binds to cytokinin, the DBD domain in the
DBD fusion protein and the AD domain in the AD fusion protein will be held together
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by the small synthetic steroid-cytokinin molecule that acts as a bridge. The functional
transcription factor that contains the DBD domain and the AD domain will be formed
and activate expression of reporter genes that allow the gene encoding the cytokininbinding protein to be recovered.
A Y-3-H system for studying interaction between a protein and a small ligand
molecule FK506 was successfully developed by Licitra and Liu (1996). The system
contained a rat glucocorticoid receptor (rGR) fused to DBD region expressed from
pEGHBD6, a dexamethasone-FK506 conjugate (bait) and an animal cell line cDNA
library in the AD fusion vector pJG4-5. Human cDNA clones that encoded
polypeptides binding to FK506 were successfully isolated (Licitra and Liu, 1996).
The basic principle of this system should be applicable to looking for receptors for
other small molecules such as plant hormones by employing a bait compound that
was part steroid and part cytokinin. In the present study, the DBD region was fused to
the glucocorticoid receptor of rat. The synthetic hormone was a steroid-cytokinin
molecule and potential plant cytokinin-binding proteins were expressed in fusion with
the AD region of the transcription factor. If binding of a protein candidate to the
cytokinin moiety of the bait molecule occurs, then the DBD region and AD region
will be brought together and reporter genes will be transcribed.
In this new system (Figure 3.1), the same rGR (hook) fused to a DNA binding
protein (LexA DBD) was to be adopted as employed by Licitra and Liu (1996). The
bait compounds were dexamethasone-BAP conjugates described in Chapter II and
putative plant binding proteins of BAP (fish) were expressed as fusions with an
activation domain (GAL4).
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A

Bait

Fish

Target protein

Unknown interesting protein

DNA-binding
domain

Activation domain

Reporter genes
Operator
Hook Bait F i s h

B

Receptor(Cytokinin binding p ro te in )
f o r 6~Benxyla«Iftopurine(BAP)

R ec ep to r f o r
1)©x aa e t h as on e \

A c t i v a t i o n domain
---------------------- ►

BNA~binding
doffialn

Reporter genes
Operator

LYS2 4 lexA op HfS3

URA3 81exAop

LacZ

GAL4

Figure 3.1 Diagram o f (A) a simple Y-2-H system and (B) the form o f Y-3-H system
that was developed in this study. (A) A functional transcription factor contains two
parts: DNA binding domain and activation domain. The two domains can be encoded
separately or even as two chimeric proteins. When the two domains bind together, a
functional transcription factor can be formed. By this means, an unknown protein that
is able to affinity for the target protein can be identified. (B) The hook has rGR fused
with LexA DBD, which is receptor for dexamethasone. The bait is dexamethasone
linked with BAP. The fish libraries were two kinds o f cDNA libraries fused to GAL4
AD: one was Arabidopsis cDNA library in pACT plasmid; the other was maize
cDNA library in pAD-GAL4-2.1 plasmid. In the yeast strain L40, two reporter genes
(HIS3 and LacZ) were used to select potential positive colonies. (Modified from
Licitra and Liu, 1996; Invitrogen manual, 2002).
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3.2 MATERIALS AND METHODS
3.2.1 Bacterial and Yeast Strains
The bacterial and yeast strains used in this study are listed in Table 3.1. E. coli
BNN132 was used for conversion of a phagemid library into its plasmid library. This
strain produces Cre recombinase to catalyse a site-specific recombination between the
two loxP sites, which excises a circular plasmid from the linear phage genome
(Elledge et al., 1991). E. coli LE392 was used to determine the titer of phagemid λ
ACT. E. coli DH5-α was used for cloning and general plasmid preparations.
Saccharomyces cerevisiae L40 was employed as the yeast host for testing for threehybrid activity.
Table 3.1 Bacterial and yeast strains used in this study.
Bacteria
Strain name

Genotype
(Cre strain) endA1 gyr96 thi hsdR17
supE44 relA1 ∆ (lac-proAB) (F’
traD36 proAB+ lacIq Z ∆ M15) (λ kanCre)
supE44, ∆lacU169 (phi80 lacZ
∆M15), hsdR17, recA1, endA1,
gyrA96, thi 1, relA1
hsdR514 (rk-mk+) supE44 supF58 lacY
galK2 galTZ2 metB1 trp55

Source

+

BNN132

DH5-α
LE392

Arabidopsis Biological
Resource Center
(ABRC), USA
Strategene, USA
ABRC, USA

Yeast
Strain name
L40

Genotype
his3∆200 trp1-901 leu2-3112 ade2
LYS2::(4lexAop-HIS3)
URA3::(8lexAop-LacZ) GAL4
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Source
Invitrogen, USA

3.2.2 Plasmids and cDNA Libraries
All plasmids used in this study are listed in Table 3.2.
Table 3.2 Plasmids used in this study.
Plasmid name
Genotype
PADH-LexA DBD-rGR-TADH,
pEGHBD6
Ampr, HIS3
PADH1-GAL4 DBD-ZmPK1-catpRCZ3
TADH1, Ampr, TRP1
PADH1-LexA DBD-rGR-TADH1,
pWY1
Ampr, TRP1
pACT/Arabidopsis PADH-GAL4 AD-Arabidopsis
cDNAs-TADH, Ampr, LEU2
cDNAs
PADH1-GAL4 AD- maize cDNAs pAD-GAL4-2.1/
TADH1, Ampr, LEU2
maize cDNAs
PADH-LexA -GAL4 AD-TADH,
pSH17-4
Ampr, HIS3

Source and reference
Licitra and Liu, 1996
Cazzolli, 1998
This study
ABRC, USA
Cazzolli, 1998
OriGene, USA

Plasmid pEGHBD6 (kindly provided by Dr. J. O. Liu) was used as the donor for the
rGR domain to make pWY1. In the rGR domain, two mutations (C656G and F620S)
were present having been characterised as giving the strongest activation of
expression in yeast (Licitra and Liu, 1996). Plasmid pRCZ3 (stock in Dr. Ren Zhang’s
laboratory; Figure 3.6) was the plasmid backbone for pWY1. Plasmid pWY1 was a
newly constructed hook plasmid (Figure 3.2; see section 3.2.7 for the construction
details) to express the rGR protein fused to LexA-DBD for use in the Y-3-H system.
The plasmid contains the yeast TRP1 gene and an ampicillin resistance gene for
selection in yeast and E. coli, respectively.
pSH17-4 (OriGene, USA) was used to check the reporter gene LacZ in this detection
system based on X-gal hydrolysis in the host yeast. The plasmid expressing the LexAGAL4 AD fusion protein activates the reporter gene in the host yeast L40 without
requiring hybrid formation. It contains the HIS3 gene and an ampicillin resistance
gene for selection in yeast and E. coli, respectively.
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Sph I (5067)
Figure 3.2 Structure map o f pW Yl. The rGR domain was inserted between the £coRI
site and Xhol site in pEGHBD6. After the domain was cloned in pEGHBD6, the
iscoRI in multiple clone sites o f this plasmid was deleted (Licitra and Liu, 1996).
(2p ori = yeast origin o f replication, A m pr= ampicillin resistance gene, T ADH1 =
ADH1 terminator, LexA = LexA DNA binding domain, P ADH1 = ADH1 promoter,
CYH2 = L29 protein of yeast ribosome encoding gene, fi ori = origin o f transcription
site, TRP1 = tryptophan biosynthesis gene)
A portion o f the Arabidopsis cDNA library in X ACT (CD4-10) was obtained from
ABRC, USA. The Arabidopsis cDNA library was initially prepared in phagemid X
ACT. The cDNAs were prepared from mRNA isolated from mature Arabidopsis
leaves and roots using random primers (CD4-10 Manual, 1995). The cDNAs (>300
bp) were ligated in the build-in plasmids (pACT) that are flanked by two loxP sites in
the phagemids. Under the action o f Cre recombinase produced by E. coli BNN132,
the phagemids can release the plasmids (pACT) that contain the Arabidopsis cDNAs.
PACT (Figure 3.3) contains the LEU2 gene and an ampicillin resistance gene to allow
selection in yeast and E. coli, respectively. The fusion o f activation domain and the
cDNA insert constitutes the fish in the Y-3-H system.

63

Figure 3.3 Structure map of the Arabidopsis cDNA library in the plasmid pACT. The
Arabidopsis cDNA library inserts were cloned into the XhoI site. The ADH promoter
is expected to give strong expression in yeast. The numbers represent nucleotide
location in the original pACT.
(2 µ ori = yeast origin of replication, Ampr = ampicillin resistance gene, P ADH =
ADH promoter, GAL4-AD = GAL4 activation domain, T ADH = ADH terminator,
LEU2 = leucine biosynthesis gene)
A maize cDNA library was also used in this study. The cDNAs were prepared from
rust infected Zea mays leaves and constructed in HybriZAPTM lambda vector (by Dr.
Michael Ayliffe, Plant of Industry, CSIRO). The original maize cDNA library in the
vector was estimated to be 2×106 plaque forming units per mL. After an excision and
amplification, the cDNA library was estimated to be 5.0×107 clone forming units/mL
(Cazzolli, 1998). A small portion of this maize cDNA library was obtained in the
form of plasmid (pAD-GAL4-2.1; Figure 3.4; Cazzolli, 1998). The plasmid contains
the LEU2 gene and an ampicillin resistance gene to allow selection in yeast and E.
coli, respectively.
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Figure 3.4 Structure map of the maize cDNA library in the plasmid pAD-GAL4-2.1.
Maize cDNA inserts were cloned between the EcoRI site and XhoI site. The numbers
represent nucleotide positions in the original pAD-GAL4-2.1.
(2 µ ori = yeast origin of replication, Ampr = ampicillin resistance gene, pUC ori = E.
coli origin of replication, fi ori = origin of transcription site, LEU2 = leucine
biosynthesis gene, T ADH1 = ADH1 terminator, GAL4-AD = GAL4 activation
domain, P ADH1 = ADH1 promoter)

3.2.3 Bait Compounds
The four compounds (A, B, C and D), which comprised BAP linked with
dexamethasone by carbon chain, as described in Chapter II, were used as the baits in
the Y-3-H system. An adenine compound (provided by Prof. D. S. Letham, RSBS,
ANU) was used as a possible positive control in the system, making the assumption
that there may be some adenine-binding proteins represented in the cDNA libraries.
The structures of these chemicals are illustrated in Figure 3.5.
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Figure 3.5 Structures of the four bait compounds (A, B, C, D) and an adenine
compound (E). BAP is a well-known cytokinin. Dexamethasone can bind to rGR. The
difference between these BAP conjugates is the site of steroid substitution in the BAP.
Adenine has similar structure with BAP and is expected to perhaps have more binding
proteins in the cells.
The four bait compounds were brought to an equal molarity of 564 µM (Table 3.3)
and mixed to give a stock of final total bait molarity of 2.257 mM. From this stock,
44.21 µL were added to 200 mL molten yeast medium held at 50° C, mixed and
poured to give plates in which the final total bait concentration was 0.5 µM. The use
of this concentration was based on the following reasons. Firstly, the bioactivities of
these conjugates in the betacyanin bioassay and their capabilities of binding to
cytokinin-binding site(s) in plant are different. It is possible that these modified
compounds with strong ability of binding to cytokinin-binding site(s) do show very
weak cytokinin bioactivity in vivo, since the dexamethasone moiety of the compound
could obstruct the binding of other BAP-dexamethasone molecules to cytokininbinding sites that are close to the binding site that has been bound by the BAPdexamethasone compound. In addition, the conjugates that were created in Chapter II
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are similar to the dexamethasone-FK506 conjugate that was used successfully by
Licitra and Liu (1996) at 1 µM.
Table 3.3 The original concentrations of the four conjugates and their proportions in
the mixture.
Name of
conjugate

Original
concentration

Volume in 442.1 µL
mixture

Final concentration
in the mixture

A

1.37 mM

182 µL

564 µM

B

4.3 mM

58 µL

564 µM

C

2.834 mM

88.3 µL

564 µM

D

2.2 mM

113.8 µL

564 µM

3.2.4 Preparation of a Plasmid Library from Phagemid Containing
the cDNA Library from Arabidopsis
To determine the titer of the λ phagemid library, frozen LE392 cells were streaked
on a LB plate and a colony was used to inoculate 20 mL LB containing 0.2 % maltose
in a 125-mL flask and shaken at 37° C overnight. Cells were recovered at 4,350 g for
10 mins and resuspended in 10 mL 10 mM MgSO4 and 400 µL was used to
determinate the titer of the phagemid library and the remaining cells were stored at 4°
C.
Four LB plates (6.5 cm) and LBM top agar were pre-warmed at 37° C and 65° C
respectively and serial hundred-fold dilutions (10-1, 10-3, 10-5, 10-7) of 2 µL the
phagemid library were prepared, then 10 µL each of the four dilutions was mixed with
100 µL LE392 cells in each of four fresh 1.5-mL tubes respectively. The mixtures
were incubated at 37° C for 30 mins, before 1.0 mL pre-warmed LBM top agar was
added into each of the four tubes and mixed well respectively. The mixtures were
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poured onto the four pre-warmed LB plates evenly. The plates were incubated at 37°
C for 8 h then inspected for plaque density before lysis became confluent.
To convert this library from phagemid form to plasmid form, logarithmically
growing cells of BNN132 were obtained by inoculating 120 mL LB broth containing
50 µg/mL kanamycin with a single colony and shaking at 37° C for approximately 3.5
h to get OD600=0.5. The cells were harvested at 6,370 g for 10 mins and resuspended
in 2 mL 10 mM MgCl2. The concentration of the cells was approximately 3×108
cells/mL.
Control cells were prepared by spreading 70 µL the cell on one LB plate with 50
µg/mL ampicillin. The mixture containing 111.1 µL phagemid library (108 phagemids)
and 2 mL the logarithmically grown BNN132 cells (3×108 cells/mL) in 10 mM MgCl2
in a fresh 20-mL glass tube was incubated at 30° C without shaking for 30 mins to
allow phagemid adsorption then 2 mL LB with 50 µg/mL kanamycin was added and
the culture was incubated at 30° C with shaking for 1 h. 70 µL the infected cells were
spread on one LB plate with 50 µg/mL ampicillin. All of the 55 plates were incubated
at 37° C overnight.
Bacteria now containing the plasmid library were recovered by using 0.8 mL LB
broth to wash each of the plates and the medium was collected into a 2-L flask
containing 1 L TB with 50 µg/mL ampicillin. The culture was grown for
approximately 2 h to stationary phase (OD600 of about 1.8).
The plasmids were prepared as following steps: the culture was spun at 6,370 g for
10 mins and supernatant was discarded. The pellet was resuspended in 20 mL LB
broth by brief vortexing, then 80 mL 0.1 M NaOH/0.5 % sodium dodecyl sulfate

68

(SDS) was added and mixed gently. Then 80 mL 3 M Na Acetate (pH 5.4) was added
and mixed gently. After incubation at -20° C for 30 mins, then sedimenting cells at
14,300 g for 25 mins. The supernatant was transferred to a fresh centrifugal tube and
360 mL 95% ethanol was added and mixed well and incubated at -20° C for 30 mins.
Precipitated DNA was recovered by spinning at 14,300 g for 25 mins, washed by 100
mL 75% ethanol and resedimentation. The pellet of plasmid was dissolved in 15 mL
dH2O and stored at –20° C.
The same process was repeated twice more with 57 and 56 additional plates to give
good representation of most Arabidopsis genes. Plasmid library from three sets of
plates was pooled and stored as 1 mL aliquots in 45 fresh Eppendorf tubes at –20 ° C.
The total final yield of the combined plasmid preparations was approximately 4,300
µg. To confirm the bulk extractions were successful, 200 ng the DNA sample was
digested with EcoRV and XbaI.
To determine the quality of this converted library, the DNA sample was transformed
into competent DH5-α cells prepared by the following procedure: two days before the
preparation, a loop of the frozen E. coli cells was streaked on a fresh LB plate. After
24 h growth, a single colony was used to inoculate 5 mL LB broth in a fresh 20-mL
glass tube. The inoculated LB was incubated at 37° C with shaking (200 rpm)
overnight. The 5 mL cell culture was added into 500 mL 2×TY broth in a 1.5-L flask
and incubated at 37° C with shaking (200 rpm). When its OD600 was 0.5-0.7, the cells
were spun at 4,420 g for 10 mins at 4° C. The supernatant was discarded and the
pellet was washed with 500 mL ice-cold dH2O and 250 mL ice-cold dH2O
successively, and then spun at 4,420 g for 10 mins at 4° C, the supernatant was
discarded and the pellet was resuspended in 2.5 mL 10% ice-cold glycerol, aliquoted
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as 160 µL volumes in an Eppendorf tube and stored at –70° C. The transformation
efficiency of the fresh competent cells was tested by introducing 1 µL pGEM 3(+) (1
ng/µL) (Promega) into 40 µL the competent cells. Its transformation efficiency was
5.672×107 colony forming units/µg DNA.
The transformation was done as follows: 10 ng the pACT plasmid sample in dH2O
was added into 40 µL competent DH5-α cells in an ice-cold tube. The mixture was
transferred into an ice-cold 0.2-cm-gap disposable electroporation cuvette (BioRad)
and electroporation was done at 2.5 kV, 200 Ω and 25 µF on a GenePulser (BioRad).
After the electric pulse, 1 mL SOC medium was added to the cells immediately and
mixed well. The cells were transferred into a 1.5-mL tube and incubated at 37° C with
shaking (200 rpm) for 1 h. And then 200 µL the cells were spread on a LB plate (8.5
cm) containing 100 µg/mL ampicillin. It was incubated at 37° C overnight. As control,
an aliquot of 40 µL competent cells was transformed with 2 µL dH2O. Although none
of individual colonies could be found on the center of the agar in the plate (confluent),
some individual colonies could be picked up from the edge of the agar.
After overnight growth, 24 colonies chosen randomly were used in plasmid minipreparations. After digested with BamHI and EcoRV, these DNA samples were run
on a 1.2% agarose gel, to estimate the sizes of these cDNA inserts.

3.2.5 Amplification of the Maize cDNA Library in pAD-GAL4-2.1
Since only a small portion of the maize plasmid library was available, it was
amplified again. This was done by transforming 20 µL 50 ng/µL plasmid sample into
competent DH5-α cells and plating 0.1 mL volumes of transformants onto 50 LB
plates (8.5 cm) containing 100 µg/mL ampicillin. A control plate with 100 µg/mL
ampicillin received 0.3 mL non-transformed cells. Plates were incubated at 37° C
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overnight. Subsequent steps were done as described in section 3.2.4. The amplified
library was purified. To check the quality of this library, 10 ng plasmids were
transformed into DH5-α cells. After overnight growth, 12 colonies chosen randomly
were used in plasmid mini-preparations. These DNA samples digested with XhoI and
EcoRI were run on a 1.2% agarose gel.

3.2.6 Testing for Auxotrophic Requirements and Function of
Reporter Genes of Yeast Strain L40
After obtaining yeast strain L40, its suitability for later use in Y-3-H screening was
examined. L40 strain has four selectable markers created by mutation or deletion of
the genes (his3, trp1, leu2 and ade2) resulting in inability to synthesize His, Trp, Leu
and Ade, which allows the presence of plasmids encoding functional His, Trp, Leu
and Ade to be detected by acquired prototrophy. The cell line also has two reporter
genes (HIS3 and LacZ) under the control of LexA binding operators. When hybrid
formation results in the activation of transcription, it can produce His and LacZ
protein by expression of the two reporter genes. Cells were therefore grown on GMM
plus His, Ade, Leu and Trp at 30° C. Individual auxotrophic requirements were tested
by single drop-outs which confirmed requirements for each of His, Ade, Leu and Trp.
To suppress leakage of the HIS3 reporter gene that otherwise could give a
background of false positives in Y-3-H screening, the effect of 3-aminotriazole (3AT), a known inhibitor of the HIS3 gene product (James et al., 1996), on the cell
growth was assessed.
To confirm the activity of the reporter LacZ gene in this strain, pSH17-4 producing a
LexA-GAL4 AD fusion protein was employed. The reporter function of lexAop-HIS3
in L40 cell line was not tested since only pSH17-4 was obtained, which unfortunately
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contains a constitutively expressed HIS3 selectable marker gene. The pSH17-4
plasmid was transformed into competent L40 cells prepared as following processes: a
single L40 yeast colony from culture plate was inoculated in 2 mL YPD and the
culture was incubated at 30° C with shaking (200 rpm) for 48 h. It was inoculated in
200 mL YPD and cultured overnight on the same conditions. When the OD600 was1.31.5, the culture was harvested by centrifuging at 4,420 g for 10 mins at 4° C and the
pellet was resuspended in 32 mL sterilized ice-cold water. Then 4 mL 10×TE buffer
(pH 7.5) was added and swirled to mix gently before 4 mL 1 M lithium acetate stock
solution (pH 7.5) was added and swirled to mix gently. After the cells were shaken
(180 rpm) for 45 mins at 30° C, 1 mL 1 M dithiothreitol (DTT) was added and mixed
gently. The cells were shaken (180 rpm) for 15 mins at 30° C and sterilized ice-cold
water was added to the yeast suspension to 200 mL. The cells were centrifuged at
4,420 g for 10 mins at 4° C. The supernatant was discarded and the pellet was washed
with 100 mL sterilized ice-cold water, 10 mL sterilized ice-cold 1 M sorbitol and 0.2
mL sterilized ice-cold 1 M sorbitol successively, and then pelleted at 4,420 g for 10
mins at 4° C and finally resuspended in 1 mL sterilized ice-cold 1 M sorbitol at 4° C.
The cell suspension was transferred into a 1.5-mL tube before glycerol was added to a
final concentration of 15% (v/v). Aliquots of 160 µL cells were transferred into
Eppendorf tubes and 80 µL the cells were used to do the following electroporation
and the others were stored at –70° C. For electroporation, 40 µL the competent L40
cells were mixed with 5 µL 0.1 µg/µL pSH17-4 in a sterilized, ice-cold 1.5-mL tube.
The mixture was transferred into an ice-cold 0.2-cm-gap disposable electroporation
cuvette (BioRad) and electroporation was done at 1.5 kV, 25 µF and 200 Ω. After this,
1 mL ice-cold 1 M sorbitol was added to the cuvette immediately and mixed well then
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transferred into a 1.5-mL tube. As control, an aliquot of 40 µL the competent cells
was transformed with 2 µL dH2O.
An aliquot of the transformed cells and an equal volume of the non-transformed cells
were spread, in comparison, on GMM X-gal plates containing Trp, Ade, Leu and 3AT (4 mM). An aliquot of the transformed cells was also spread on a GMM plate
containing Trp, Ade, Leu and 3-AT. All of them were incubated at 30° C.

3.2.7 Construction of a Hook Plasmid pWY1
The Y-3-H screen depends upon an ability to detect binding interaction that results
in assembly of a functional transcription factor that induces the expression of reporter
genes. To make the expression of HIS3 useable as a reporter as well as a selectable
marker, it was necessary that the LexA DBD-rGR fusion was not carried on a plasmid
with a constitutively expressed HIS3 as a transformation selection marker, as was the
case with pEGHBD6, in which the LexA DBD-rGR fusion was originally received
from the laboratory of Dr. J. O. Liu. It was therefore necessary to make the LexA
DBD-rGR gene fusion into a plasmid such as pRCZ3 that contains a selectable marker
in the form of TRP1. Although both promoter and terminator in the two plasmids have
different lengths, parts of the ADH promoter and terminator of the pRCZ3 plasmid
between the two SphI (5067 and 7122) have the same sequences as the ones of the
pEGHBD6 plasmid between the two SphI sites thus allowing a substitution while
retaining a functional promoter and terminator.
The strategy (Figure 3.6) was to cut both plasmids pEGHBD6 and pRCZ3 with SphI
to obtain two fragments from pEGHBD6, the smaller of which contained the hook
component, and three fragments from pRCZ3 of which the largest was to be retained.
The two selected fragments were then ligated and designated plasmid (pWY1) was
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selected. General molecular cloning procedures (Sambrook et al., 1989) were
followed and all the enzymes and reagents were purchased from Promega except
where specified.

Figure 3.6 The strategy of constructing the new hook plasmid, pWY1. (i) SphI
digestion; (ii) ligation of the purified fragments.
(2µ ori = yeast origin of replication, Ampr = ampicillin resistance gene, Col E1 ori =
E coli. origin of replication, fi ori = origin of transcription site, HIS3 = histidine
biosynthesis gene, TRP1 = tryptophan biosynthesis gene, T ADH(1) = ADH(1)
terminator, GAL4-BD = GAL4 binding domain, P ADH(1) = ADH(1) promoter)
To prepare the vector and insert used in following ligation, 100 µL 50 ng/µL
plasmid pRCZ3 was digested with the mixture containing 5 µL 10 mg/mL RNase, 50
u SphI, 20 µL Buffer K and 70 µL dH2O. 50 µL 50 ng/µL plasmid pEGHBD6 was
digested with the mixture containing 5 µL 10 mg/mL RNase, 25 u SphI, 10 µL Buffer
K and 32.5 µL dH2O. They were incubated at 37º C for 2 h and run on a 1% agarose
gel.
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The vector fragment from pRCZ3 and the insert fragment from pEGHBD6, which
were about 0.3 g, were sliced and purified with the Perfect Prep GEL CLEANUP KIT
(Eppendorf) and dissolved in 40 µL elution buffer respectively.
To avoid the self-ligation of this vector, 1 µL 1 u/µL shrimp alkaline phosphatase
(SAP) and 10 µL 100 ng/µL the vector product in the mixture containing 3 µL
10×SAP buffer and 16 µL dH2O were incubated at 37º C for 15 mins. After heated at
65º C for 15 mins, the mixture was spun at 6,000 g for 1 min. The dephosphorylated
vector sample was used for ligation at 16º C overnight. The ligated products were
purified with an ethanol precipitation procedure by adding 1.5 µL 3 M Na Acetate
(pH 5.4) and 40 µL 100% ethanol and placing at -80º C for 30 mins followed by
spinning at 13,000 rpm for 15 mins. The pellets were washed with 100 µL 75%
ethanol and dissolved in 10 µL dH2O.
To select the expected hook construct, 5 µL the ligated sample was transformed into
the 40 µL the DH5-α competent cells. 300 µL the transformants and 300 µL the nontransformed E. coil cells as control were spread on the LB plates (8.5 cm) containing
100 µg/mL ampicillin. And the plates were incubated at 37° C overnight.
The colonies labeled were inoculated 500 µL LB broth with 100 µg/mL ampicillin.
After incubation at 37º C overnight, the plasmids in them were prepared without
washing by 95% and 75% ethanol. The supernatants and pRCZ3 (9.3 kb) as marker
were run on a 1% agarose gels.
Plasmids that contained the intended components were identified as having a size of
9.347 kb, compared with that of the non-recombinants (7.245 kb). Plasmids of a size
that corresponded to the desired construct were recovered and washed with 0.8 mL
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95% ethanol and 100 µL 75% ethanol successively. The pellets were dissolved in 30
µL 1×TE buffer. They were digested with XhoI and run on 1% agarose gels. Plasmids,
which yielded only two bands of 5.693 kb and 3.654 kb, were identified as containing
the desired components and these were further tested by digestion with SphI, XhoI and
EcoRV respectively (see Figure 3.14).

3.2.8 Assembling and Testing a Three-Hybrid Screening System in
Yeast
To assemble the elements of the Y-3-H system, the hook and fish plasmids were
introduced into the host yeast (section 3.2.8.1 and section 3.2.8.2) and then the
transformed cells were screened on media with the adenine conjugate (E) or a mixture
of the bait conjugates (A, B, C and D) respectively (section 3.2.8.3). These purines
must enter the yeast cells if they are to cause hook and fish fusion proteins to
assemble into a functional transcription factor.

3.2.8.1 Transformation of L40 with the hook and fish plasmids
To introduce hook plasmid pWY1 into L40 cells, competent L40 cells were freshly
prepared as described in section 3.2.6 and transformed with 150 ng pWY1 plasmid,
then 350 µL the transformed cells and 350 µL the non-transformed cells as control
were spread on GMM X-gal (40 µg/mL) plates plus His, Ade, Leu and 4 mM 3-AT
respectively. 350 µL the transformed cells were spread on GMM plus Trp, Ade, Leu
and 4 mM 3-AT. One colony of L40 (pSH17-4) was streaked on X-gal plate plus Trp,
Ade, Leu and 4 mM 3-AT. One colony of L40 (pEGHBD6) was streaked on GMM
plate plus Trp, Ade, Leu and 4 mM 3-AT. The five plates were incubated at 30° C.
To introduce Arabidopsis library plasmids into L40 (pWY1) cells, one colony of the
L40 (pWY1) was used to prepare competent cells and total 110 µL 100 ng/µL pACT
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plasmid was used to do 22 transformations. All transformed cells were mixed together.
Aliquots of 50 µL the transformed cells were spread on GMM plus His, Ade and 4
mM 3-AT plates and a GMM plus Ade and 4 mM 3-AT plate. They were incubated at
30° C for 48 h before the transformed cells were counted and verified. The remaining
transformed cells were stored at 4° C for later Y-3-H screen. About 25,000
transformed cells were recovered per a transformation.
To introduce maize library plasmids into L40 (pWY1) cells, the same procedure was
done as above. About 26,800 transformed cells were recovered per a transformation.

3.2.8.2 Verification of yeast transformants
The presence of pWY1 in L40 cells transformed with pWY1 was confirmed as
follows: one colony of the L40 (pWY1) cells was incubated at 30° C with shaking
(180 rpm) for 48 h in 3 mL GMM broth containing His, Ade, Leu and 4 mM 3-AT.
They were pelleted at 13,000 rpm in a micro-centrifuge for 30 s and resuspended in
the little remaining supernatant, before adding 180 µL cell lysis buffer and mixing
gently. An equal volume of phenol/chloroform/isoamyl alcohol (25:24:1) and 0.3 g
sand were added into the tube and then the mixture was vortexed at high speed for 2
mins before centrifugation at 13,000 rpm for 5 mins at room temperature. The
aqueous layer was transferred into another Eppendorf tube where 30 µL 3 M Na
Acetate (pH 5.4) and 600 µL 95% ethanol were added and mixed gently. After
cooling at -20° C for 10 mins, DNA sample was recovered by spinning at 13,000 rpm
for 10 mins and the pellet was resuspended in 20 µL dH2O. The 5 µL DNA sample
was introduced into 40 µL DH5-α competent cells. After this transformation, two
transformed E. coli colonies were used to prepare plasmids. The prepared plasmid
samples were digested with XhoI and run on a 0.8 % agarose gel.
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To confirm the presence of hook and Arabidopsis library plasmids in L40
(pWY1+pACT) transformants, preparation of plasmids from the yeast cells was done
as above. However, five transformed yeast cells chosen randomly from the two plates
containing Ade and His were used to prepare plasmids, and three colonies of
transformed E. coli containing plasmid from each original yeast colony were chosen
randomly to prepare plasmids. The resulting 15 DNA samples were digested with
BamHI and EcoRV and run on a 0.8 % agarose gel.
Presence of hook and maize library plasmids in L40 (pWY1+pAD-GAL4-2.1)
transformants was confirmed by checking plasmid digestions of five transformed
yeast cells as above. Whereas, the 15 DNA samples were digested with EcoRI and
XhoI.

3.2.8.3 Two-stage screening for adenine or cytokinin binding by
detection of transcription factor activation
The first screen for activation of transcription factor due to three-hybrid interaction
was the expression of HIS3 creating prototrophic growth. If the growth is really due to
transcription activation, then there will be accompanying expression of LacZ, which
has the same LexA operator that drives HIS3. Expression of LacZ is therefore a
second stage in the screening.
To test for LacZ expression in the transformed yeast cells, a histochemical technique
based on a substrate analogue X-gal was used. The detection system was tested by a
positive control that employed cells transformed with plasmid pSH17-4 encoding
constitutively active transcription factor fusion LexA-GAL4 AD that constitutively
activates the expression of LacZ in the test cells.
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Library screens comprised four His drop-out plates inoculated with cells transformed
with the Arabidopsis or maize cDNA library, two of which plates contained 2 µM
adenine-dexamethasone (Figure 3.5 E) and two contained 0.5 µM BAPdexamethasone compound mixture (section 3.2.3). About 130,000 transformed cells
were screened on each of the four plates. Colonies appeared on these plates were
screened for expression of LacZ, which was detected by overlaying with X-gal
solution as follows: an overlay was prepared from 65.1 mL 0.5 M potassium
phosphate buffer (pH 7.0), 4.2 mL DMF and 0.7 mL 10% SDS were mixed together
in 125-mL flask. 7 mL 5 mg/mL low-melting point agarose was added into the flask.
The mixture was heated by microwave to 50° C. 70 µL 40 mg/mL X-gal solution and
10 µL beta-mercaptoethanol were added into the flask and mixed gently. For each
plate, about 8 mL of overlay mixture was required.
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3.3 RESULTS
3.3.1 Conversion of the Arabidopsis cDNA Library from Phagemid
Form to Plasmid Form
The titer of the λ phagemid library that contained Arabidopsis cDNA was
determined by estimating plaques induced at various dilutions of the library (Table
3.4). At 10-1 and 10-3 dilutions, plaques were confluent. However, a phagemid dilution
of 10-5 gave 18 plaques and no plaque was observed on the plate with phagemid
dilution of 10-7. So the titer of the λ phagemid library we obtained was around 9×108
per mL.
Table 3.4 The titer of the λ phagemid library.
Dilution of the 2 µL phagemid

10-1

10-3

10-5

10-7

Number of plaques appeared

Confluent

Confluent

18

0

9×108

Titer of the phagemid/mL

Three rounds of conversions were carried out with a total of 3×108 phagemids and,
approximately, 727,500 individual bacterial colonies were collected from LB plates
containing 50 µg/mL ampicillin (Table 3.5). The conversion ratio from phagemid to
plasmid was 0.242 %, which was low and may have reduced the quality (cDNA
representation) of the library.
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Table 3.5 The numbers of colonies recovered from the conversions of λ phagemid
library into plasmid library. In each conversion process, 70 µL infected BNN132 cells
were spread on each LB plate with 50 µg/mL ampicillin. 70 µL non-infected BNN132
cells were spread on the same plate used as control.
Conversion
Number of colonies on
control plate
Average number of
colonies on each plate
Total number of
plates used
Total number of
colonies in each
conversion
Overall total number
of colonies recovered

1

2

3

0

0

0

Approximate
4,500

Approximate
4,000

Approximate
4,500

55

57

56

Approximate
247,500

Approximate
228,000

Approximate
252,000

Approximate 727,500

Following bulk isolation of the plasmids from all the colonies, an aliquot was
digested with EcoRV and XbaI and released two bands of 2.6 kb and a diffuse band
containing DNA in a size range around 6.3 kb. This fragment in a plasmid containing
no insert would be of 5.05 kb (Figure 3.7), therefore a mean insert size in the range
1.2 kb is indicated and expected to contain enough information to encode proteins in
the range of 40 kDa, which is the most abundant range of proteins in vivo. Sizes of
individual inserts are shown in Figure 3.8.
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Figure 3.7 Electrophoresis of the pooled plasmids isolated from the cDNA library in
pACT after digestion with EcoRV and XbaI. Lane 1 represents the digested plasmid
and Lane 2 represents λ/HindIII marker.
To evaluate the quality of the plasmid cDNA library, specific inserts were visualised
from 24 colonies chosen randomly. From each of these clones, plasmid was extracted
and subjected to restriction enzyme digestion. After the treatment with EcoRV and
BamHI, a pACT plasmid can release one 6.501 kb DNA band and one DNA band that
is a part of the vector (1.149 kb) plus insert (if no internal EcoRV and BamHI sites).
The result (Figure 3.8) showed that all plasmids were pACT plasmids and 14 samples
contained inserts. Therefore, about 58.3% of the plasmids in this library contain
inserts. The sizes of the inserts range from 0.3 kb to about 1 kb. These roughly
matched the quality of the initial CD4-10 cDNA library prepared and could encode
proteins of 10 kDa to 35 kDa which include the size range of most abundant proteins,
but is smaller than many proteins including most hormone receptor proteins, however
larger cDNAs were probably in the library although not in the 15 samples analysed
(Figure 3.8).
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Figure 3.8 Electrophoresis of the plasmids isolated from 24 clones of the Arabidopsis
cDNA library after digestion with EcoRV and BamHI. All lanes were the lanes of
samples digested. Clones 1, 3-6, 9-12, 14, 17, 21, 22 and 24 contained inserts.

3.3.2 Presence and Quality of the Amplified Maize cDNA Library in
pAD-GAL4-2.1
After transforming E. coli DH5-α with an aliquot of the maize cDNA library in
pAD-GAL4-2.1, a total of 4.2×105 individual colonies were recovered. The plasmids
were bulk isolated and purified (Figure 3.9).
To evaluate the quality of the maize cDNA library, specific inserts were visualised
from 12 colonies chosen randomly. From each of these clones, plasmid was extracted
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and subjected to restriction enzyme digestion. The maize cDNA inserts were cloned
between the EcoRI and XhoI sites of the plasmid vector (Figure 3.4). After the
treatment with EcoRI and XhoI, two DNA bands were expected to be released. One is
the vector itself, whose size is 7.679 kb. The other is the band of the insert. The result
(Figure 3.10) showed that each of the samples except for Sample 11 and Sample 12
contained an insert. The sizes of the inserts range from 0.3 kb to about 1.2 kb. They
could encode proteins of 10 kDa to 42 kDa.

Figure 3.9 Electrophoresis of the maize cDNAs in pAD-GAL4-2.1 plasmids purified.
The lanes 1-4 were 4 samples purified in different tubes. The samples extracted from
the bacteria were not treated with enzymes, hence most probably the upper band is
genomic DNA, middle band is the relaxed form of plasmid and the strong lower band
is the supercoil form of plasmid.

Figure 3.10 Electrophoresis of the samples isolated from the 12 colonies after
digestion with EcoRI and XhoI. Lanes 1-12 were the lanes of the extracted plasmids.
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3.3.3 The Auxotrophic Requirements and Reporter Genes of Yeast
Strain L40
Before conducting further experiments, the yeast strain L40 was examined on its
relevant genetic characters.

3.3.3.1 Auxotrophic requirements of L40 yeast strain
After three days of culture, thousands of colonies appeared on GMM plus Trp, His,
Ade and Leu plate, a few on the GMM plus Trp, Ade and Leu plate and none on the
other plates (Table 3.6). This relative abundance indicated that the cells had the
auxotrophic requirements as described for yeast L40 but revealed that the HIS3
reporter gene in L40 cells is leaky.
Table 3.6 Growth of the L40 cells on different GMM plates.
Type of the GMM Plate
Growth Condition of the Cell Strain
Trp, Leu, His and Ade
+++
Trp, His and Ade
Trp, Leu and His
Leu, His and Ade
Trp, Leu and Ade
+
+++: the number of the colonies was many; +: the number of the cells was few; –:no
cell grew.

3.3.3.2 Suppressing the leakage of HIS3 reporter gene by presence of
3-AT
3-AT appeared effective in inhibiting the endogenous synthesis of His due to leaky
expression of the inducible HIS3 reporter gene and hence suppressed false positives
on medium lacking His. When the non-transformed cells, which therefore had no
opportunity to synthesize His by activation of a hybrid transcription factor, were
grown at 4 mM 3-AT or above, no cell growth was observed (Figure 3.11). So in later
experiments, 4 mM 3-AT was contained in all media for screening for the HIS3
reporter gene expression.
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Figure 3.11 Effect of 3-AT on preventing cell growth due to leakage of HIS3. The
plates from left to right were GMM plus Trp, Leu and Ade without 3-AT or with 4
mM, 8 mM and 12 mM 3-AT respectively, recorded after two days of culture.

3.3.3.3 Positive control: expression of the LacZ gene in L40
To test for capacity of LacZ expression, plasmid pSH17-4 was employed because
this plasmid can express a LexA-GAL4 AD fusion protein in yeast and so the
recombinant transcription factor should turn on the expression of the reporter gene in
yeast strain L40. After transformation with pSH17-4, all colonies of the transformed
yeast cells were expected to be blue if X-gal was added into His drop-out plate
containing 4 mM 3-AT and indeed a strong positive reaction was observed (Figure
3.12).

Figure 3.12 Growth of L40 and L40 (pSH17-4) on different GMM plates. After
culture for three days, all colonies observed appeared blue on the plate with X-gal (B);
colonies on the plate without X-gal were white (C); and no colonies appeared when
pSH17-4 had not been introduced (A).
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3.3.4 The Hook Construct in Plasmid pWY1
To allow screening in L40 yeast, a new hook plasmid has been constructed following
the strategy illustrated in Figure 3.6. After SphI digestion, the DNA fragments of 2.1
kb from pEGHBD6 and 7.2 kb from pRCZ3 were purified (Figure 3.13)

Figure 3.13 Electrophoresis of pEGHBD6 and pRCZ3 after SphI digestion. The two
DNA fragments to be purified were marked.
After the ligation and transformation, a number of colonies were screened with one
of them appearing to be the intended recombinant construct. This was confirmed by
digestion with SphI, XhoI and EcoRV respectively. Two DNA bands (7.245 kb and
2.102 kb) for SphI, two DNA bands (5.693 kb and 3.654 kb) for XhoI and four DNA
bands (5.655 kb, 1.394 kb, 1.207 kb and 1.091 kb) for EcoRV were released
respectively (Figure 3.14), which is consistent with the plasmids map of pWY1
(Figure 3.2).
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Figure 3.14 Electrophoresis of the two purified DNA fragments (Lane 1 and Lane 2)
and the putative pWY1 plasmid digested with SphI, XhoI and EcoRV (Lane 3, 4 and 5)
respectively.

3.3.5 The Three-Hybrid System Established in Yeast
3.3.5.1 Transformation of L40 with plasmid pWY1
After culture for three days, white colonies of L40 (pWY1) were observed on GMM
plus His, Ade, Leu, 4 mM 3-AT and 40 µg/mL X-gal plate, however no colonies of
L40 appeared on the negative control plate and no colonies of the transformed cells
appeared on the GMM plus Trp, Leu, Ade and 4 mM 3-AT plate. Healthy L40
(pEGHBD6) colonies grew on the GMM plus Trp, Leu, Ade and 4 mM 3-AT as
control. Blue colonies appeared on the GMM plus Trp, Leu, Ade and 40 µg/mL X-gal
plate spread with L40 (pSH17-4). These results (Table 3.7) reflected that pWY1 had
been transformed into the L40 yeast cells and the LacZ and HIS3 reporter genes were
not activated by this hook plasmid by itself. And it also confirmed that this construct
did not contain the His biosynthesis gene from pEGHBD6.
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Table 3.7 Cell growth of L40 and the cell lines transformed with different plasmids
on different GMM plates. All plates contained 4 mM 3-AT.
Yeast cell line
L40 (pWY1)
L40 (pWY1)
L40
L40 (pEGHBD6)
L40 (pSH17-4)

Medium used

Phenotype of the
colonies appeared

GMM plus 40 µg/mL X-gal
without Trp
GMM without His
GMM plus 40 µg/mL X-gal
without Trp
GMM without His
GMM plus 40 µg/mL X-gal
without His

White
No colony
No colony
White
Blue

3.3.5.2 Establishment of yeast L40 (pWY1) cell line
After the electroporation of yeast L40 with pWY1, presence of the plasmid in the
transformed cells was verified by restriction enzyme digestion of the extracted
plasmids from the E. coli DH5-α. Two XhoI restriction sites are contained in the
plasmid and it released two DNA bands of 5.693kb and 3.654kb as expected (Figure
3.15). This demonstrated that the establishment of pWY1 in yeast L40 and one such
cell line was kept for later experiments using steroid-cytokinin conjugates in screens
for three-hybrid formation (section 3.3.5.5).

Figure 3.15 Electrophoresis of extracted plasmids from L40 (pWY1) digested with
XhoI. Lane M represents λ/HindIII marker. Lane 1 and Lane 2 represent the plasmid
samples from the transformed yeast cell selected.
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3.3.5.3 Transformation of L40 (pWY1) with the Arabidopsis cDNA
library and maize library plasmids
The plasmids containing either the Arabidopsis cDNA library or maize cDNA
library were introduced into L40 (pWY1) cells. For those transformed cells containing
hook and Arabidopsis library plasmids selected on Trp and Leu drop-out GMM plates,
the average number of colonies on each selective plate was 1,250. Since they were
from 50 µL of original transformed cells of 22 mL, the total colonies collected were
550,000 (Table 3.8).
Table 3.8 Colony numbers of yeast L40 (pWY1+pACT) after transformation with the
Arabidopsis cDNA plasmids.
GMM Plate

Number of colonies
(colonies/ 50 µL)

Total number of
colonies

GMM plus His, Ade and 4 mM 3-AT

1250

550,000

0

0

GMM plus Ade and 4 mM 3-AT

For those transformed cells containing hook and maize cDNA plasmids, the average
number of colonies on each selective plate was 1,340. Since they were from 50 µL of
original transformed cells of 22 mL, the total colonies collected were 589,600 (Table
3.9).
Table 3.9 Colony numbers of yeast L40 (pWY1+pAD-GAL4-2.1) after
transformation with the maize cDNA plasmids.
GMM Plate

Number of colonies
(colonies/ 50 µL)

Total number of
colonies

GMM plus His, Ade and 4 mM 3-AT

1340

589,600

0

0

GMM plus Ade and 4mM 3-AT
.

The remaining transformed cells of both libraries were kept at 4º C for the later Y-3H screening (section 3.3.5.5).
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3.3.5.4 Verification of the two kinds of yeast transformants
Plasmids in five L40 (pWY1+pACT) yeast colonies were verified for the presence
of both hook and fish plasmids by restriction enzyme digestion of the plasmids
amplified in E. coli DH5-α. After the treatment of EcoRV and BamHI, the pACT
plasmid released at least two bands, one was 6.501 kb and the other 1.149 kb plus
insert. If the inserts contained restriction sites for EcoRV and BamHI, more bands
would appear. The hook plasmid with four EcoRV sites released four bands of 5.655
kb, 1.394 kb, 1.207 kb and 1.091 kb. The result (Figure 3.16) showed that only pWY1
and pACT were in the five yeast cells. These fish plasmids had the inserts with the
different sizes. This confirmed that the library plasmids had been transformed into
L40 (pWY1) cells.

Figure 3.16 Electrophoresis of the extracted plasmids from five L40 (pWY1+pACT)
clones after digestion with EcoRV and BamHI. Plasmids isolated from each yeast
clone were introduced into E. coli and then three bacterial transformants were
examined. The numbers of the lanes in black represented the lanes of the samples of
hook plasmid. The numbers of the lanes in red represented the lanes of the samples of
the different Arabidopsis cDNA plasmids.
Plasmids in the five L40 (pWY1+pAD-GAL4-2.1) cells were verified by restriction
enzyme digestion of the plasmids amplified in E. coli DH5-α. After the treatment of
EcoRI and XhoI, these pAD-GAL4-2.1 plasmids released two bands, one was 7.679
kb and the other was the band of its insert. The hook plasmid with two XhoI sites
released two bands of 5.693 kb and 3.654 kb. The result (Figure 3.17) showed that
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both pWY1 and pAD-GAL4-2.1 were present in each of the five yeast clones. The
fish plasmids, except for sample 1, had inserts of different sizes consistent with
representation of many different cDNAs in this library. A parallel experiment has also
confirmed that the transformed cells contained the hook and maize plasmids (Figure
3.17).

Figure 3.17 Electrophoresis of the extracted plasmids from five L40 (pWY1+pADGAL4-2.1) clones after digestion with EcoRI and XhoI. Plasmids isolated from each
yeast clone were introduced into E. coli and then three bacterial transformants were
examined. The numbers of the lanes in black represented the lanes of the samples of
hook plasmid. The numbers of the lanes in red represented the lanes of the samples of
the different maize cDNA plasmids.

3.3.5.5 Screening plant cDNAs using the three-hybrid system in yeast
After transformation of yeast cells capable of expressing HIS3 and LacZ reporter
genes (section 3.3.5.3) in the presence of activated LexA transcription complex
(section 3.3.3.3), cells were plated on GMM medium containing adeninedexamethasone conjugate or BAP-dexamethasone conjugate mixture (section 3.3.5.5).
After a whole week culture at 30° C, for the Arabidopsis library screening, a total of
556 colonies appeared on the two GMM plus Ade, 4 mM 3-AT and 2 µM adeninedexamethasone and a total of 269 colonies appeared on the two GMM plus Ade, 4
mM 3-AT and 0.5 µM the bait conjugate mixture.
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For the maize library screening, a total of 723 colonies appeared on the two GMM
plus Ade, 4 mM 3-AT and 2 µM adenine-dexamethasone and a total of 312 colonies
appeared on the two GMM plus Ade, 4 mM 3-AT and 0.5 µM the bait conjugate
mixture. These results are summarized in Table 3.10.
Table 3.10 Colony numbers of yeast His-independent L40 (pWY1+pACT) and L40
(pWY1+pAD-GAL4-2.1) cells on GMM plates containing adenine-dexamethasone or
the bait conjugate mixture. All media contained 4 mM 3-AT.
Total number of
Yeast cell line
Medium used
colonies
GMM plus Ade and 2 µM
556
adenine-dexamethasone
L40 (pWY1+pACT)
GMM plus Ade and 0.5 µM the
269
bait conjugate mixture
GMM plus Ade and 2 µM
723
adenine-dexamethasone
L40 (pWY1+pADGAL4-2.1)
GMM plus Ade and 0.5 µM the
312
bait conjugate mixture
These results showed that the HIS reporter gene in some of the yeast was activated.
Addition of adenine-dexamethasone activated the gene expression in more yeast
clones than did the BAP conjugate mixture.
These His-independent colonies were then assayed for the function of LacZ. After
incubating with substrate for about 30 mins, the positive control L40 (pSH17-4) cells
appeared blue in color but none of any those transformed cells gave blue color, even
when they were incubated overnight. This result showed that the LacZ reporter gene
in the colonies was not activated.

93

3.4 DISCUSSION
3.4.1 Development of a Three-Hybrid System in Yeast to Seek
Cytokinin-Binding Protein(s)
Y-3-H systems are derived from Y-2-H systems and can be used to study the
interaction between a small organic molecule and its binding protein or receptor. In
this study, efforts were made to develop a Y-3-H system as a tool to look for
cytokinin-binding proteins, which it was thought might include cytokinin signal
receptor(s). The design of this system was based on that reported by Licitra and Liu
(1996) but contained several significant differences (Table 3.11).
Table 3.11 Comparison between the experimental system in this study and that in
Licitra and Liu’s.

Yeast strain

Hook plasmid

Bait compound(s)

cDNA library

The system in this study

Licitra and Liu’s system

L40 (his3∆200 trp1-901 leu23112 ade2 LYS2::(4lexAopHIS3) URA3::(8lexAop-LacZ)
GAL4)
pWY1 (PADH1-LexA DBDrGR-TADH1, TRP1, Ampr)

EGY48 (pSH18-34) (ura3
trp1 his3 6lexAop-Leu2
with URA3::(8lexAopLacZ) in pSH18-34)
pEGHBD6 (PADH-LexA
DBD-rGR-TADH, HIS3,
Ampr)
FK506-dexamethasone
hybrid compound via 10carbon bridge, its final
concentration in medium
was 1 µM

Four different BAPdexamethasone hybrid
compounds via 10-carbon
bridge, the final concentration
in medium was 0.5 µM
(mixture)
An Arabidopsis cDNA library
in pACT and a maize cDNA
library in pAD-GAL4-2.1
(PADH(1)-GAL4 AD-cDNA
inserts-TADH(1), LEU2, Ampr)

A Jurkat cDNA library in
pJG4-5
(PGAL1-B42 AD-cDNA
inserts-TADH, TRP1, Ampr)

Conducting a Y-3-H screen for intracellular cytokinin-binding proteins required the
bringing together of many elements including suitable hook and fish constructs in
conjunction with specially designed bait conjugates, suitable yeast cells to allow
selection by acquired prototrophy for successful three-hybrid formation, effective
detection of concomitant LacZ expression and suitable plant cDNA libraries
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configured for expression in yeast to potentially encode possible cytokinin-binding
proteins. The convergence of these elements is summarized in the following flow
chart (Figure 3.18).
Genotype
verification of
yeast strain L40

Determination of
the titer of the
Arabidopsis λ
phagemid library

Amplification of
the maize cDNA
library in pADGAL4-2.1

Construction of
a new hook
plasmid pWY1

Conversion of
the λ phagemid
library into the
plasmid library

Checking its
insert proportion
and the sizes of
these inserts

Transformation
of the yeast cell
with the hook
plasmid

Checking its
insert proportion
and the sizes of
the inserts

Introducing the plasmids of the two
cDNA libraries respectively

Selection and characterization of
putative positives
Figure 3.18 A summary chart of the sequence of experimental steps that were used in
developing a Y-3-H system to screen for cytokinin-binding proteins.
The key components of a functional Y-3-H screen for proteins that can bind
cytokinin have been assembled and shown to be functional. Two expression libraries
of plant genes, from Arabidopsis and maize, in translational fusion with a
transcriptional activator domain (GAL4 AD) were employed. These libraries have
been amplified, introduced into yeast and tested for the presence in the yeast of
plasmid-borne plant genes of a size range that can be predicted to encode functional
plant proteins. The small ligands (baits) used in this study were conjugated according
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to the basic structure of FK506-dexamethasone (Licitra and Liu, 1996). Three
different potential substitution sites on BAP were used to maximize the possibility of
the BAP-dexamethasone conjugates binding to plant proteins expressed from the
libraries, which may be cytokinin-binding proteins in the live plant. From the
evidence of their ability to inhibit competitively the betacyanin biosynthesis that
could be induced by the presence of BAP (Chapter II), it is postulated that the
conjugates used in this study would bind to cytokinin-binding sites.
Another component that would serve an important role in establishing the Y-3-H
system is a positive control in which could be included a fish construct containing an
authentic cytokinin-binding domain fused to the AD domain. It could be used to
ascertain whether positive clones can truly be recovered. Both AHK4 and CBPs were
considered candidates for such a control, although their binding capacity in a fusion
protein state has to be confirmed. Unfortunately, the sequences for CBPs have not
been determined and many attempts to obtain a cDNA clone encoding the cytokininbinding domain of AHK4, either by requesting from the original researcher or by
cloning by PCR (unshown data), have not been successful.
Yeast strain L40 was chosen for several reasons, including its leucine auxotrophy
that allowed positive selection for the LEU2-containing fish plasmid. Yeast L40 also
has two reporter genes HIS3 and LacZ [equivalent to LEU2 and LacZ that are present
in the commonly used EGY48 (pSH18-34) combination] and is more convenient and
stable in this respect since both of the reporter genes are located on the chromosome
while EGY48 needs the LacZ reporter plasmid (pSH18-34) that makes a Y-3-H
system more complicated. In this study, the selectable marker of hook plasmid was
adjusted, through the creation of a new vector (pWY1), such that HIS3 gene in the
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strain could be used as a reporter gene allowing selection for cells in which generation
of an active transcription factor had occurred by three-hybridisation. These
components can therefore allow the detection of assembly of a functional bipartite
transcriptional factor if there is binding to the steroid and cytokinin moieties of a
synthetic animal and plant hormone (Chapter II).
An essential component of the strategy is that a rare individual yeast cell should be
recoverable when it contains a three-hybrid transcription factor that has become active
by the rare event of a plant cytokinin-binding protein gene having been introduced
from the library. For identification and recovery of such a rare cell, this study has
established two means, utilizing two reporter genes (HIS3 and LacZ) present in the
yeast strain. Firstly, the new transcription factor should create an ability to grow on
medium that lacks His because a functional HIS3 gene (His biosynthesis gene) can be
transcribed by the hybrid-assembled transcription factor; it is therefore a selectable
marker as well as a reporter. Secondly, the other detection method is that the new
three-hybrid transcription factor can transcribe the LacZ (β-galactosidase enzyme)
gene and thus the rare positive cell could be recognized by the action of βgalactosidase on X-gal substrate, producing a blue colour. This colour detection has
also been shown to be functional by the introduction, as a positive control, of a
constitutively active transcription factor that contains the two domains (DNA binding
domain and activation domain) that would be brought together by successful Y-3-H
interaction. In the positive control cells, the induction of β-galactosidase by the
transcription factor was readily detected.
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3.4.2 On the Results of Screens that Used the Y-3-H System
All of the necessary components were therefore brought together and, as far as could
be tested, all were functional. In spite of this, no positive colonies were obtained from
the library screens. At least five possible explanations can be proposed, but these
could not be explored in the time available.
One possibility is that, in hybridizations based on adenine affinity, the unstable
transient association of an adenine metabolic enzyme with adenine may be too
fleeting to sustain the assembly of a functional bipartite transcription factor.
Significantly, Y-2-H screens do not detect affinities between proteins and their
substrates. This is clear in the case of most protein kinases and phosphatases and their
protein substrates. The reason is that although some protein kinases involved in some
signaling pathways can bind to their substrates specifically, such interactions between
modification enzymes such as kinases, phosphatases, glycosyl transferases, acyl
transferases and proteases with their substrates are only transient in vivo, which leads
to failure to form a stable transcription factor and the inability of Y-2-H system to
detect the interactions (personal communication by Dr. Peter John; Yang et al., 1992;
Choi et al., 1994). Adenine can be modified at its N9 position by many enzymes to
take part in energy metabolism in vivo and some of the reactions are reversible. For
example, adenosine phosphoribosyl transferase (APRT) can degrade adenosine
monophosphate at the N9 position of adenine to produce adenine and 5-phospho-1ribosyl-1-pyrophosphate (PRPP), which reveals that some enzymes would degrade the
single bond between the N9 and carbon in these adenosine derivates (Suchail et al.,
1998). However, it is known that purines do form more stable conjugates with some
non-enzyme proteins and such an association could result in assembly of a functional
transcription factor. Since no such association was detected, it is possible that only
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enzyme-substrate interactions occurred with adenine-dexamethasone and were too
fleeting to activate the expression of the reporter genes. Therefore, a negative
response to an adenine conjugate does not necessarily indicate a non-functional
system.
Another possibility is that the two gene libraries that were screened did not contain
plant cytokinin-binding protein genes. Such absence would not be predicted from
consideration of the tissues from which the transcripts were derived to form the
libraries, which were leaves and roots of Arabidopsis and leaves of maize. The 70
kDa CBP was isolated from etiolated maize seedlings (Kulaeva et al., 1998). A 67
kDa CBP from the nuclei of Arabidopsis senescent rosette leaf cells has been found to
specifically recognize trans-zeatin (Selivankina et al., 2004). AHK2 and AHK3 are
expressed in roots, leaves, stem and flowers and CRE1/AHK4 is expressed
predominantly in root vascular tissue (Ueguchi et al., 2001; Urao et al., 2000). In
addition, cytokinins are synthesized mainly in root tips in plants, and cytokinins
control many physiological actions such as leaf and root differentiation, senescence of
leaves, stress tolerance, nutrient metabolism, cell division, shoot meristem initiation
and chloroplast biogenesis (Kakimoto, 1996; Sheen, 2002). These suggest that
synthesis and action of cytokinin continue through most of the plant life cycle and
therefore cytokinin-binding proteins such as receptors should exist widely in tissues
of young and mature plant organs including leaves and roots. There is also reason to
believe that transport of cytokinins occurs in young and mature plants, which results
in movement of the hormones from root tip to aerial parts such as leaves (Gillissen et
al., 2000; Kakimoto, 1996; Sheen, 2002). Hence, the mature Arabidopsis leaves and
roots and the rust infected Zea mays leaves from which the cDNA libraries were
derived should encode some potential cytokinin-binding proteins. Both the cDNA
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inserts in the Arabidopsis library and the cDNA inserts in the maize library are of a
size range (sections 3.3.1 and 3.3.2) that could encode proteins of reasonable sizes
including the CHASE domain (200-230 amino acids) that would be cytokinin-binding
domain in CRE1 (Anantharaman and Aravind, 2001) and the Arabidopsis 67 kDa
CBP and the maize 70 kDa CBP.
However, it is probable that no gene library is ever totally complete and library
amplifications carry the penalty that some cDNA clones may be disadvantageous in
bacterial cells and so become underrepresented or even lost. The two cDNA libraries
used in this study after two rounds of amplifications could have lost some genes that
are expressed at low levels such as those encoding for cytokinin-binding proteins.
This might be addressed by creating some new libraries from tissues in which
cytokinin-dependent activities, such as cell division, were highly active.
A further possibility is that the construct provided by Dr. J. O. Liu (Licitra and Liu,
1996), especially the DBD-steroid receptor fusion, has suffered some genetic changes
that render it non-functional. This could be addressed by entirely sequencing this
construct. In addition, the affinity of the rGR domain in pWY1 to dexamethasone can
be assayed by using fluorescently-labeled dexamethasone to bind to the fusion protein
and detect the fluorescence signal by fluorescence microscope.
Given the successful testing of the other components of the Y-3-H screen, it would
be logical to suspect the possible incompleteness of the libraries.
The fourth possibility is that yeast cells fail to perform some post-translational
modifications that may occur in more evolved and complex plant cells and might be
required for the hormone receptor proteins of plants to become biologically active.
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A final possibility, however, is that plants do not contain any cytoplasmic receptors,
as opposed to membrane-bound receptors for cytokinin. Non-membrane bound
receptors would be necessary to obtain response in the Y-3-H screen that can only
detect the interactions in nucleus. It may be that all cytokinin receptors are membranebound. Experiments were therefore designed to detect receptors that may be located in
the outer membrane, as described in Chapter IV.
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4.1 INTRODUCTION
As reviewed in section 1.6.2.2, the flow cytometer is a useful and powerful tool that
can quantify some physical or chemical characters of individual living cells. Although
the equipment is expensive and complex in operation, the capability of a flow
cytometer that can analyse and sort many thousands of suspended small particles such
as cells in a fluid stream in just a few minutes makes the techniques widely used in
microbiology and molecular cell biology.
In this study, yeast cells expressing Arabidopsis cDNAs were screened by a cell
sorter. The experiment was designed to find cells expressing plant cytokinin-binding
proteins either internally or on their cellular membrane surfaces, as a complementary
approach to the Y-3-H system (Chapter III). The experimental strategy was to utilize
the capacity of FACS to register the fluorescent properties of particles as they are
scanned and to divert them into specific pools if they meet pre-set criteria that can be
adjusted. In particular, cells, which were brighter because they bound cytokinin, were
sorted for testing of whether they did so because of the expression of plant cytokininbinding proteins.
Selecting a suitable fluorescent dye is essential for this form of study. Biotin and
streptavidin-PE are a group of useful staining tool for detecting specific cellular
proteins and have been widely used in FACS. So the couple was selected to attempt
the detection of some cytokinin-binding proteins located on cell surfaces. In the
present study, cytokinin was made fluorescent by a two-stage process; firstly,
cytokinin was conjugated to biotin, then commercially available streptavidinfluorochrome reagents with high affinity and specificity for biotin could be used to
detect cytokinin-biotin. The creation of cytokinin-biotin conjugates has been
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described in Chapter II. Streptavidin-PE was selected for use in detection, as having
brighter fluorescence than streptavidin-fluorescein isothiocyanate (FITC). A cell that
expresses cytokinin receptor would be brighter in the presence of these reagents.
To perform this sort of clonal selection, especially to look for binding on the yeast
cell surface, it was considered advantageous to switch to using a library in which
plant genes are not present as fusions with an AD domain used in Chapter III. In
eukaryotes, all proteins are synthesized in the cytosol and then are sorted to different
cellular organelles according to the signal peptides or patches that they may carry.
NLSs can direct proteins to the cell nucleus (Alberts et al., 1994). The attached AD
domain contains such a signal and would target the fusion proteins (used in Chapter
III) into the nucleus, which is a requirement for yeast hybrid systems but unsuitable
for identifying cell membrane-located binding proteins. Because the proteins
expressed by the library in pFL61 are non-fusion proteins, the plant proteins without
any extraneous leader sequence can keep their natural conformation (Minet et al.,
1992). The assumption here is that some plant membrane proteins will take up this
location in yeast cells (some of the specific cellular membrane sorting signals of plant
proteins may be recognized by the yeast cell, for example, Desimone et al., 2002).
After they are synthesized in the cytosol, proteins are directed to their final locations
in the cell by their specific sorting signals (Alberts et al., 1994). If any yeast cell
expresses a cytokinin-binding protein on its cellular membrane surface, FACS should
be able to identify the cell from the whole population by dying them with biotinylated
BAP and streptavidin-PE. Then the sorted cell recovered on yeast agar medium will
be cultured and tested to confirm that its properties are altered by the introduced gene.
In such cells, the library plasmid provides a means to determine the sequence of the
encoded protein by nucleotide sequencing in the plasmid.
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4.2 MATERIALS AND METHODS
4.2.1 Yeast Strain, cDNA Library and Reagents
Frozen M2915-6A yeast cells (leu2 ade2 ura3) containing an Arabidopsis library in
pFL61 plasmid (Figure 4.1; stock in Dr. Ren Zhang’s lab) were used. The cDNA
library was prepared with RNA isolated from complete young Arabidopsis seedlings
at the two-leaf stage (Minet et al., 1992). At the time when this project was conducted,
the titer o f the frozen stock was 3.2* 105 clone forming units /mL.

Not!
SstX I
GG€€€CeAGmfSWGGCrfGCATGGCCAG€A€ACTGGC Not I
Not! CGOTOA^CTACC^ACGTACCGGTOTGTGAeCGCGGG

f

f

BstX I
Figure 4.1 The map o f pFL61. BstXl sites are the insertion sites for the Arabidopsis
cDNA pool (Minet et al., 1992).
(2p. ori=yeast origin of replication, URA3=uracil biosynthesis gene, PGK3’=
phosphoglycerate kinase promoter, PGK5’= phosphoglycerate kinase terminator)
BAP-biotin (CB-I) was prepared as described in Chapter II. Streptavidin-PE was
purchased from ZYMED, USA.
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4.2.2 Incubation with Cytokinin-Biotin Conjugate and StreptavidinPE
Successful expression of cDNAs carried in the plasmid vectors was not tested other
than by screening for a cytokinin binding that was not present in wild-type (or emptyvector) control cells.
Live yeast cells were incubated at about 1×106 cells/mL in GMM broth with BAPbiotin at a final concentration of 2 µM, by adding 2 µL 5 mM stock BAP-biotin to 5
mL culture and incubating at 30° C with shaking (200 rpm) for 10 mins. The
cytokinin conjugate was then made potentially detectable by fluorescence, through
addition of streptavidin-PE to a final concentration of 10 µM by addition of 100 µL
0.5 mM working solution in PBS that was freshly prepared by 50 fold dilution of a
stock solution of 25 mM PE dissolved in dH2O. The same amount of streptavidin-PE
was added into the control cells to which no BAP-biotin had been added.

4.2.3 Fluorescence Flow Cytometry and FACS
After the stained cell sample was analyzed by flow cytometry in a FACSTARplus,
(Becton Dickinson), cells in the sample were sorted to obtain cell fractions showing
higher cytokinin binding. Four fractions were retained as having different levels of
cytokinin binding; “VB” cells were about ten times as bright as the average; “B” cells
were about six times as bright as the average; “M” cells were about three times as
bright as the average and “D” cells were collected from the bulk fraction.
Aliquots from each fraction were plated on GMM plates plus Ade and Leu and
cultured at 30° C for 2 days.
A number of colonies were collected randomly from the above cultured “VB”, “B”
and “M” cells and aliquot of each was inoculated into 2 ml GMM broth plus Leu, Ade
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and Ura and also into 2 mL GMM broth plus Leu and Ade. They were incubated at
30˚ C with shaking (200 rpm) for two days. After that, 2 µL each of the cultures was
inoculated and incubated as above again. Inclusion of Ura in one medium (GMM plus
Ura, Ade and Leu) was to relax selection pressure for retention of plasmid and thus
potentially allow its loss, also known as “cure” of plasmid from the cell line.
The cultures were then diluted ten times with GMM broth. All samples were stained
as described in section 4.2.2 and observed with K. V. fluorescence light microscopy at
×600 magnification in a Nikon Microphot-F×A photomicroscope equipped with 100
W mercury lamp and epifluorescence illumination, standard filter sets and Fluor 100×
oil immersion objective. Samples were also subject to FACS analysis (LSR, Becton
Dickinson).
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4.3 RESULTS
4.3.1 The Difference of Fluorescence Intensity between the Yeast
Cells Dyed with and without BAP-Biotin
The cells expressing plant proteins under the regulation of PGK promoter and
terminator were used to test whether flow cytometry could be used for screening a
plant expression library in yeast. It was necessary that autofluorescence of yeast was
not excessive at excitation wavelength of PE (488 nm), that non-specific binding of
BAP-biotin and streptavidin-PE was also not excessive and additionally that
fluorescence from the amounts of cytokinin that could be bound to yeast cells was
sufficiently bright to be detectable.
These conditions could be met, since a transformed population of yeast containing a
library of plant genes, when incubated with BAP-biotin and streptavidin-PE, was
detected to contain some cells that have stronger fluorescent intensity than any in a
sample with the library cDNAs incubated with streptavidin-PE alone (Figure 4.2). In
addition, as far as fluorescent intensity is concerned, the stained populations of
controls (wild-type M2915-6A and its transformant with empty pFL61 vector) have a
similar low fluorescent intensity as the bulk population of yeast with the library
cDNAs incubated with streptavidin-PE has (unshown data).
To test whether brighter cells might be directly binding greater amounts of
streptavidin-PE rather than binding more BAP-biotin that would attract more
streptavidin-PE, the effect of omitting BAP-biotin was tested. In the absence of the
BAP-biotin reagent that might bind to cytokinin-binding proteins, the brightest
fraction of cells disappeared, consistent with their being due to cytokinin binding
(Figure 4.2).
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Figure 4.2 Amount of bound cytokinin, detected indirectly by the amount of attached
PE, seen on individual yeast cells including individuals that are expressing plant
genes regulated by the PGK promoter and terminator. Upper distribution shows
control cells with streptavidin-PE only; lower distribution shows test cells incubated
with BAP-biotin and streptavidin-PE, showing some cells (top right) that are more
intensely fluorescent than any of the control cells.
The presence of brighter cells among the population of cells that are expressing the
library of plant genes is consistent with these being cells that are expressing
cytokinin-binding proteins, which could include cytokinin receptors.
It is therefore appropriate to attempt to recover these cells to confirm their cytokinin
binding, and potentially lead on to identifying the responsible protein by extracting
and amplifying the plasmid, to see the structure of the plant gene that it carries.
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4.3.2 Sorting Cells Expressing Plant Proteins
Cells with different degrees of high fluorescence signal were separated using the cell
sorter facility of FACS and plated on Ura drop-out medium that enforced presence of
the prototrophic marker that was carried on the library plasmid. After incubation, the
number of colonies appeared on each of the plates was given in Table 4.1. Obviously,
the majority of the collected cells were not prototrophic for Ura, although most of the
library stock cells contained cDNA-bearing plasmids (personal communication by Dr.
Ren Zhang).
Table 4.1 The recovered numbers of colonies with different fluorescent intensities
and the numbers of cells collected by FACS.
Type of cells sorted

VB

B

M

D

Number of colonies of
sorted cells

14

354

>1500

>1500

Number of cells
collected by FACS

42

880

14,000

900,000

VB: cells about ten times as bright as the average of the total population (1.5×106
cells); B: cells with bright fluorescence signal (0.08% of 1.1×106 cells); M: cells with
moderate bright; D: cells from the bulk fraction.

4.3.3 Characterizing Primary Positives
To characterize the primary positives as to whether the cause of increased cytokinin
binding and hence increased fluorochrome binding is the library-encoded plant
protein, the effect of allowing the library plasmid to be lost was studied. The loss of
the plant cDNA-bearing plasmid harbored by a real positive cell should result in a
decrease in the fluorescence light intensity after staining.
“VB” and some “B” clones isolated as above were subjected to a plasmid cure
procedure: by culturing without selective pressure for retention of the plasmid for two
rounds of batch cultures for two days. Comparison between the treated and untreated
cells of fluorescence intensity was then carried out.
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Under fluorescence light microscopy, three clones showed decreased fluorescence
intensity after the plasmid cure procedure. Hence the treated and untreated cells of the
three clones were examined by flow cytometry. But only the result of Clone 36
confirmed the microscopic observation (Figure 4.3). When the treated cells were
assessed on the degree of plasmid loss, by culturing aliquots on both plates with Ura
or not, it was revealed that only about 20% of the cell population (824 out of 1040)
actually lost their plasmids. Clearly loss of plasmids after removal of selective
pressure is a slower process than is commonly supposed and due to expiry of
available time, no further experiments using this procedure were carried out.

Figure 4.3 Flow cytometric analysis of a yeast clone (Clone 36) after culture in either
(upper) medium supplemented with Ura, which allowed 20% cells to lose the pFL61
plasmid, or (lower) after culture in medium without Ura, which enforces retention of
the plasmid and presence of the encoded plant protein. Presence of higher incidence
of cells containing the plant protein increased the average cell fluorescence intensity
from 672 to 870 units.
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4.4 DISCUSSION
Cytokinin binding to the cellular membrane surface of yeast cells provides a means
to detect potential membrane-located receptor(s) that could not register as positive in
the Y-3-H screen probably because they, in the form of fusion with a nuclear partner,
are unable to remain their natural conformation in the nucleus probably. It was
observed that expression of libraries of plant genes could increase cytokinin binding
in yeast populations (Figure 4.2). Furthermore, it has been shown possible to isolate
individual clones of yeast from the entire transformed population by FACS. In such
clones, the increased cytokinin binding was found to be dependent upon the continued
presence of the plasmid carrying the introduced plant gene. Moreover, fluorescence
light microscopy directly demonstrated decreased brightness of such cells when
incubated with fluorescently-labeled cytokinin after the plasmid cure procedure.
Thus the whole technology of detecting cells with increased cytokinin binding due to
presence of an introduced plant gene seems to have been established. In this case, as
discussed in section 3.4.1, a positive control, which should be a membrane receptor
such as AHK4, would serve to verify the system.
Tantalizingly, the project was interrupted by expiry of available time at a stage when
clones expressing cytokinin receptors may have been isolated but not yet
characterized. There was time to examine microscopically only a few of the cells that
had been recovered in the very bright fraction by FACS fractionation. However, the
problem of recovering the majority of “VB” and “B” cells after fractionation (Table
4.1) is yet to be solved. The clone (Clone 36) that has been characterized
microscopically showed increased presence of cytokinin binding inside the cell,
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whereas increased retention at the cell surface might be more indicative of the
presence of an introduced membrane-bound cytokinin receptor.
It was noticed that cells sorted for brightness in the FACS were often of greater
viability on solid medium than when transferred as small inocula to liquid. Clones that
showed this sensitivity to liquid culture may have been rendered more permeable due
to presence of alien plant protein. Hence they leaked essential metabolites outwards
(hence compromising cell viability in liquid) and also allowed penetration of
cytokinin inwards. However the capacity in the FACS for high-speed selection of a
tiny minority of cells with increased ligand binding did generate a pool of several
hundred cells from several million cells sorted. Fluorescence light microscopy
screening for binding of cytokinin at the membrane is a relatively quick procedure
that can be carried out with several samples per slide but time has not yet permitted all
of the cytokinin-binding cell lines to be examined in this way. Among them may be
cells carrying cytokinin receptors.
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Cytokinins comprise a major group of plant hormones with pleiotropic effects on
growth and development. However, their signal transduction mechanism(s) remain
unresolved, in spite of work focused on looking for cytokinin-binding protein(s) and
cytokinin receptor(s). Exciting new work has revealed potential receptors CKI1 and
CRE1/AHK4 (Kakimoto, 1996; Inoue et al., 2001), but these are unlikely to be the
sole receptors. Therefore, two screening systems have been developed in this study
using the techniques of molecular genetics to screen libraries of plant genes expressed
in yeast. Yeast is a eukaryote that can express the genes from higher plant cell, which
makes screening plant gene libraries in yeast possible. If positive clones could be
isolated, the cDNA inserts of these plasmids could identify novel receptors.
In this study, a Y-3-H screen and a FACS screen were developed to allow detection
of either cytoplasmic or membrane-located receptor protein(s).
Four entirely novel BAP-dexamethasone conjugates and two kinds of biotinylated
BAP conjugates were synthesized for the two screening systems and their retention of
cytokinin function was tested by Amaranthus bioassays. Retention of cytokinin signal
function in the tested conjugates indicated that they could potentially bind to receptors
of native cytokinins.
Although no cytokinin-binding protein was found out by these two screenings in the
time available, this does not mean that no cytokinin-binding proteins occur in plants.
In particular, membrane-located receptors may have been present in some of the
clones that were isolated by cell sorter fractionation, only a few of which were
inspected microscopically.
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Although some further improvements to the two screening systems are possible, both
have shown that they are functional. In addition, they are simple, quick and effective
methods to look for small ligand binding protein(s) or receptor(s) both in cytoplasm
and on cellular membrane. Each could also, in principle, be used to look for binding
proteins or receptors for some other plant hormones such as gibberellin, auxin and
abscisic acid.
In this connection, the synthesis of BAP-dexamethasone and BAP-biotin opens a
door for creating other new dexamethasone conjugates with other plant hormones to
look for their binding proteins or receptors.
In brief, two kinds of screening systems, which together allow both cytoplasmic and
membrane-located receptors to be sought, have been established. Although, no
positive clone was recovered in the time available, this does not mean that no
cytokinin-binding proteins occur in plants. Furthermore, the technology developed
here could be utilised to look for binding proteins and receptors for the other plant
hormones.
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5% Agarose:
Low-melting point agarose
Add H2O to 100 mL
Autoclave

5g

Antibiotic concentrations:
Ampicillin
Kanamycin

100 mg/ml
50 mg/ml

Breaking buffer (for preparation of plasmid from yeast):
Triton x-100
Sodium dodecyl sulfate (SDS)
NaCl
Tris·Cl, pH 8.0
EDTA, pH 8.0
Autoclave

2% (v/v)
1% (v/v)
100 mM
10 mM
1 mM

50mg/mL 5-Bromo-4-chloro-3-indolylb-D-galactopyranoside (X-gal) stock
solution:
X-gal
0.5 g
Add 100% N, N-dimethylformamide to 10 mL
Stock at -20° C
6×DNA gel-loading buffer
Bromophenol blue
Xylene cyanol FF
Sucrose in water

0.25%
0.25%
40% (w/v)

1M Dithiothreitol (DTT)
Dissolve 15.45 g DTT in 100 mL H2O
Store at -20° C
0.5 M EDTA (ethylenediamine tetraacetic acid) (pH 8.0):
186.1g Na2EDTA·2H2O in 700 mL H2O
Adjust pH to 8.0 with 10 M NaOH
Add H2O to 1 L
Autoclave
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GMM medium, per liter:
Yeast nitrogen base
Ammonium sulphate
Glucose
Add H2O to 1 L
Autoclave

1.7 g
5g
20 g

GMM plates, per liter:
Yeast nitrogen base
Ammonium sulphate
Glucose
Agar
Add H2O to 1 L
Autoclave

1.7 g
5g
20 g
20 g

GYP, per liter:
Yeast extract
Tryptone
Glycerol
Add H2O to 1 L
Autoclave

5g
10 g
10 ml

1 M K2HPO4 solution, per liter:
K2HPO4
Add H2O to 1 L
Autoclave

175 g

1 M KH2PO4 solution, per liter:
KH2PO4
Add H2O to 1 L
Autoclave

136 g

LB medium, per liter:
Tryptone
Yeast extract
NaCl
Add H2O to 1 L
Autoclave

10 g
5g
5g
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LB plates, per liter:
Tryptone
Yeast extract
NaCl
Agar
Add H2O to 1 L
Autoclave

10 g
5g
5g
12 g

LBM top agar, per liter:
Tryptone
Yeast extract
NaCl
MgSO4
Agar
Add H2O to 1 L
Autoclave

10 g
5g
2.5 g
2g
7g

10×lithium acetate stock solution:
1 M lithium acetate
Adjust pH to 7.5 with 1/10 diluted acetic acid
Filter sterilized
NaOH/ SDS solution:
NaOH
SDS

0.1 M
0.5%(w/v)

3 M Na Acetate (pH 5.4), per liter:
Na acetate
Add H2O to 1 L
Autoclave

246 g

PBS (pH 7.3)
NaCl
KCl
Na2HPO4·7H2O
KH2PO4
Autoclaved

137 mM
2.7 mM
4.3 mM
1.4 mM
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25:24:1 (v:v:v) phenol/chloroform/isoamyl alcohol
0.5 M potassium phosphate buffer (pH 7.0):
Mix 61 mL of 1 M K2HPO4 and 39 mL pf 1 M KH2PO4
Add H2O to 200 mL
Check pH
Autoclave
Phosphate Buffer for Amaranthus betacyanin bioassay (pH 6.3), per liter:
NaH2PO4·2H2O
2.08 g
Add H2O to 1 L
Adjust pH to 6.3 with adding Na2HPO4 slowly
Autoclave
10% SDS solution, per liter:
Sodium dodecyl sulfate
Add H2O to 1 L
Autoclave

100 g

SOC medium:
Yeast extract
Tryptone
NaCl
KCl
MaCl2
MgSO4
Glucose
Autoclave

0.5%
2%
10 mM
2.5 mM
10 mM
10 mM
20 mM

1M sorbitol solution
Sorbitol powder
Add H2O to 1 L
Autoclave
Store at 4° C or room temperature

182.2 g
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Soft top agar, per liter:
Agar
Add H2O to 1 L
Autoclave

7.5 g

Suspension medium (SM), per liter:
NaCl
MgSO4·7H2O
1 M Tris-Cl pH 7.5
0.01% gelatin (Difco)
Autoclave

5.8 g
2g
50 mL

TB (terrific broth), per liter :
Tryptone
12 g
Yeast extract
24 g
Glycerol
4 mL
Add H2O to 900 mL
Autoclave
Add 100 mL of a solution of 0.17 M KH2PO4
and 0.72 M K2HPO4 autoclaved
10×TE buffer:
Tris·Cl pH 7.5
EDTA, pH 8.0

100 mM
10 mM

1 M Tris·Cl [tris (hydroxymethyl) aminomethane] (pH 7.5):
121 g Tris base in 800 mL H2O
Adjust pH to 7.5 with concentrated HCl
Add H2O to 1 L
Autoclave
1 M Tris·Cl [tris (hydroxymethyl) aminomethane] (pH 8.0):
121 g Tris base in 800 mL H2O
Adjust pH to 8.0 with concentrated HCl
Add H2O to 1 L
Autoclave

127

2×TY medium, per liter:
Tryptone
Yeast extract
NaCl
Add H2O to 1 L
Autoclave

16 g
10 g
5g

X-gal plates, per liter:
YNB-AA/AS
1.7 g
(NH4)2SO4
5g
Glucose
20 g
Agar
20 g
Add H2O to 900 mL
Adjust pH to 7.0 with 10 M NaOH
Autoclave
Add 100 mL of 0.7 M K3PO4, pH 7.0 autoclaved
and 2 mL 20 mg/mL X-gal in 100% N, N-dimethylformamide
YPD broth, per liter:
Yeast extract
Peptone
Dextrose
Add H2O to 1 L
Autoclave

10 g
20 g
20 g
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